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CHEMISTRY 
Ro-taxing synthesis 


Angew. Chem. Int. Edn doi: 10.1002/ 
anie.200803056 (2008) 
Chemists are fascinated 
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inside a molecular 
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could be useful in 
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EVOLUTIONARY BIOLOGY 


Eggs in many baskets 


Proc. R. Soc. Lond. B doi: 10.1098/rspb.2008.0794 
(2008) 
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FLUID DYNAMICS 


Making water wander 
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ATMOSPHERIC CHEMISTRY 


Glasses in the sky 


Atmos. Chem. Phys. 8, 5221-5244 (2008) 
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Nicola Hamilton and 
David Attwell 
University College London 


Two neuroscientists are 
surprised by the link betweena 
brain-chemical transporter and 
sexual orientation. 


Many nerve cells in the brain release 
the chemical neurotransmitter 
glutamate to signal to other 
neurons via receptors. Dedicated 
transporters then remove 
glutamate from the extracellular 
space to end signalling. 

Cystine-glutamate exchangers 
are unusual glutamate transporters 
because they do the reverse, adding 
glutamate to the extracellular space 
while removing cystine. David 
Featherstone of the University 
of Illinois, Chicago, and his 
colleagues have found that in the 
fruitfly Drosophila melanogaster, 
knocking down expression of a 
cystine-glutamate exchanger in 
non-neuronal glial cells leads to 
a dramatic change in the sexual 
behaviour of male flies: they mate 
with both males and females owing 
to altered processing of sex-specific 
chemosensory cues (Y. Grosjean et 
al. Nature Neurosci. 11, 54-61; 2008). 

This behaviour may be 
caused by an increase in the 
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receptors, which is induced by 
the fall in extracellular glutamate 
concentration that follows 
transporter knockdown. Indeed, 
the effect of the knockdown could 
be reversed by feeding the flies 
a drug that reduces glutamate 
signalling, and could be mimicked 
by feeding normal flies a drug that 
enhances glutamate signalling. 

These studies raise questions 
about whether human sexual 
orientation, long assumed to 
be due to a mix of genes and 
environment, could also be 
altered by perturbations of 
neurotransmitter signalling. Could 
differences in such signalling 
contribute to different sexual 
preferences? 

The possibility of altering sexual 
preference pharmacologically is 
worrying. We cannot rule out a 
future regression to the twentieth- 
century idea that sexual behaviour 
should be regulated by society. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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The other North American election 


As Canadian scientists work to maintain their international reputation, a little encouragement from the 


election candidates would be appreciated. 


14 October. Although the initial stages of the campaign 

focused on the environment (see page 268), the two major 
parties, Conservative and Liberal, have said little or nothing about 
science policy in general. This is a shame. Canada saw big boosts 
to its research funding from the late 1990s to 2000, including the 
creation of Canada Research Chairs, which brought good people 
into the country, and the Canada Foundation for Innovation, which 
pumped billions into infrastructure. Those investments have been 
maintained, and science funding is still on the rise. But the gains are 
vulnerable in a competitive international market, warns the prime 
minister’s former science adviser, Arthur Carty: “We have to be care- 
ful, having reached the top of the mountain, that we don't slide down 
the other side very quickly” 

Both parties promise to provide financial incentives to innov- 
ative companies, especially those involving green technologies. But 
broader questions of research funding have so far not come up in the 
campaign. This may reflect a lack of difference between the parties 
on the issue, or perhaps just a lack of urgency; with the exception of 
climate change, the general mood on science policy seems to be ‘ifit 
ain't broke, don't fix it. 

But many argue that it is broke. The retired right-wing politician 
Preston Manning slammed the system in the Canadian media last 
December after the recent shortage of nuclear isotopes. He lambasted 
Canada for its lack of a federal science department or ministry and 


C anadians go to the polls to elect a new government on 


the dearth of scientific or engineering training among parliamentar- 
ians. The office of the National Science Advisor was abolished earlier 
this year when Carty stepped down (see Nature 451, 505; 2008). And 
the committee that now advises the prime minister on matters of 
science is packed with industrial as well 


as scientific experts. “Many Canadian 
Indeed, many Canadian scientists scientists are 
are seeing, and complaining about, an complaining about 


undue emphasis on commercially focused 
research over long-term basic research. 
Such complaints are heard in many other 
countries too. But in Canada the problem 
is compounded by the fact that the current 
government has channelled new science 
funds into four restrictive priority areas 
— natural resources, environment, health and information technology 
— and that scientists are often required to scrounge matching funds 
from elsewhere to top up their grants. Furthermore, the government 
this month defined sub-priority areas that mix in obvious commercial 
influences: alongside ‘Arctic monitoring; for example, sits ‘energy pro- 
duction from the oil sands: 

The Canadian election's focus on climate, at least, is welcome. But 
one always hopes that research funding will warrant a mention in 
political manifestos. That hasn't happened yet in Canada — and it 
should. 7 


an undue emphasis 
on commercially 
focused research 
over long-term 
basic research." 


Handle with care 


Ecologists must research how best to intervene in 
and preserve ecosystems. 


by a negative: it exists where people do not. Nature lies outside 

the urban and agricultural realms, in regions of Earth where 
natural processes are unimpeded. Nature is where fallen logs rot and 
acorns grow, wildfires turn woodlands into meadows, and barrier 
islands shift with the currents — all without human interference. By 
extension, this definition suggests that nature is best protected by 
keeping humans far away, so that it can continue to run itself. 

But there is a serious problem with this view. If nature is defined as a 
landscape uninfluenced by humankind, then there is no nature on the 
planet at all. Prehistoric peoples changed their surrounding ecosys- 
tems, whether by installing orchards in the Amazon or — according 
to one increasingly accepted theory — by hunting many large mam- 
mals to extinction in North America. And modern humans are 
changing the global environment even more profoundly, whether 


F or many people — including many scientists — ‘nature’ is defined 


through planet-wide climate change, or by the worldwide movement 
of synthetic chemicals through the food chain. Today there is no 
place untouched by man — a point made by environmentalist Bill 
McKibben as early as 1989 in the starkly titled The End of Nature. 

Nature doesn’t have to end if we stop defining it by humankind’s 
absence. Humans prize natural spaces because they are historic, 
culturally significant, aesthetic and scientifically interesting — and, 
increasingly, because they have been recognized as providing essen- 
tial services such as filtering water, ameliorating storm surge, pro- 
viding fish, game and timber, and sequestering carbon. Ecosystems 
that are valuable for one or more of these reasons can be identified 
by quantifiable biological traits, such as the presence of certain key 
species or processes. In the Bialowieza forest of eastern Europe, which 
has a long history of human activity, for example, one could cite the 
presence of European bison and ofa large amount of dead wood as 
characteristics worth preserving (see page 277). 

Retaining such characteristics takes more than the absence of active 
destruction. It is precisely because of humanity’s pervasive influence 
that even the least changed ecosystems need help surviving in the 
future. Bialowieza’s core is so small that the dynamic processes that 
once drove its mosaic of different micro-ecosystems probably can't 
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operate as they once did. Some of its large mammals are extinct. Many 
new species have arrived through human agency. And climate change 
is altering the seasonal timing and hydrological cycles of the forest. 

The only alternative is proactive management — by humans. 
Already, conservationists in some forests set small fires to burn out 
underbrush before it reaches levels that could produce catastrophic 
fires. They shoot prey species whose populations are out of control 
because the top predators have been exterminated. And they have 
begun to control water flows into wetlands where the natural flow has 
been disrupted. In the future, as climate change takes hold, manage- 
ment may become even more radical. Some ecologists are beginning 
to talk about moving slowly dispersing plants and animals pole-wards 
or upslope to keep them in climates they can thrive in, or introduc- 
ing non-native ‘functional equivalents’ in some ecosystems to play 
certain key roles. 

Such talk will undoubtedly raise hackles among those ecologists 
for whom intervention in natural ecosystems is anathema. Yet our 
species’ all-pervasive impact on this planet has already doomed that 
hands-off approach to failure. 

Unfortunately, would-be managers of natural regions still know 
very little about how to save natural places without continuing Homo 


sapiens legacy of destruction. Ecologists have conventionally studied 
the workings of intact ecosystems, but have focused much less atten- 
tion on howto keep them intact. Scientific research on the best ways to 
manage natural ecosystems needs to become a much higher priority. 

Meanwhile, economists, ecologists and ethicists need to seek ways 
to bring natural ecosystems into the economic system, instead of just 
assuming that they exist outside of or 


in opposition to economics. If noth- "Scientific research 


ing else, this will require continued on the best ways 
research on how to put a fair economic tg manage natural 
value on ecosystems that provide 

humankind with services — a classic ecosystems needs 
example being wetlands that absorb to become a much 
storm run-off and help prevent flood- higher priority.” 


ing — while not dooming ecosystems 

such as deserts and tundras that contribute in a less obvious way. 
For now, the custodians of Bialowieza are letting the never-logged 

core area alone, even going so far as to prohibit entry to tourists except 

when accompanied by a guide. But the day may come when hands-off 

means waving goodbye. Will science know how to save Bialowieza 

when that day comes? 7 


Virtues of visualization 


Mapping techniques, used with care, can offer fresh 
insights into data about the world around us. 


aps are powerful, but imperfect, visualizations of the 
M world. They are never true in any absolute sense; rather, 
they express certain aspects of the truth in ways that are 
useful for the task at hand, using rules and conventions that have to 
be understood in context. No flat map of Earth’s curved surface can 
preserve both area and angle; some aspect of the reality is always 
distorted. So geographers have invented a plethora of projections 
that allow them to choose the distortions judiciously. One projection 
might sacrifice the accuracy of shapes and areas to preserve bearings, 
for example, whereas another might facilitate precision measure- 
ments ina field survey. But even this panoply often falls short — and 
can be downright misleading — when it comes to representing more 
abstract forms of information. 

A classic example is the use of maps to visualize scientific and social 
data about nations, states or counties. Mapmakers usually do this by 
simply adding, say, a colour scale to represent the value of indicators 
such as disease outbreaks. In addition, because this technique by itself 
is often misleading — it takes no account of differences in popula- 
tion density, for example — the data are frequently normalized to 
per capita values. But this means that the map loses crucial data — in 
this case, total incidences. 

The cartogram technique, in which the sizes and shapes of geo- 
graphical areas are distorted to represent the population or some other 
variable, can overcome these issues and preserve the full richness of 
the data (see page 270). Used correctly, it can free statistics from the 
shackles of geography, allowing richer visualizations of anything from 
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election results, to census tabulations, to species biodiversity. 

Cartograms have yet to be widely adopted, despite being the best 
choice for many sorts of data. One reason is that initially they can 
seem confusing, as most viewers’ brains are more at home with the 
size and shape of countries and states as they appear in an atlas. 
Another is that efficient algorithms to create not only cartograms, but 
many other forms of visualizations, have generally been the preserve 
of a handful of specialized laboratories. That is now changing. 

IBM’s Visual Communication Lab in Cambridge, Massachusetts, for 
example, has created Many Eyes (www.many-eyes.com). This free site 
provides the public with tools to create visualizations such as network 
diagrams, which depict nodes and connections within networks, and 
treemaps, which display hierarchical data as groups of nested rectan- 
gles. Similarly, Google Earth and other virtual globes are providing 
scientists and non-scientists with unprecedented tools for geographi- 
cal visualization of data. The obvious, and perhaps unexpected, enthu- 
siasm of the public for such visualizations suggests that it is a rich vein 
for educators and scientists, both to explain their own work and as a 
means to engage young minds in critical analysis of data. 

Visualizations are not a panacea. The adage ‘rubbish in, rubbish 
out’ still applies. But when used well — and, in the future, when 
combined with emerging surface-computing and other interactive 
displays — visualization can provide different views of data that force 
us to ask new questions, and generate fresh hypotheses. 

The flood of data now coming online and the emergence of new 
forms — such as the data on social networks, e-mail and mobile- 
phone patterns that are rejuvenating the social sciences — means 
that visualization will be increasingly important for scientists. Such 
diverse windows on data should also strengthen civil society by giving 
scientists and citizens alike the power to sift through the data gener- 
ated by governments and other institutions, and to challenge their 
and our own preconceptions of the world. 7 
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Protecting the heart 


Science 321, 1493-1495 (2008) 

A protein that reduces heart damage in rats 
could hold the key to protecting humans 
against a potentially life-threatening 
condition: reduction of blood flow to the 
heart, or cardiac ischaemia. 

Daria Mochly-Rosen, of Stanford 
University in California, and her colleagues 
found that in rats, increased activity of a 
protein called aldehyde dehydrogenase 2 
(ALDH2) is correlated with reduced damage 
following cardiac ischaemia. The researchers 
then isolated a compound called Alda-1 
that activates ALDH2, also reducing heart 
damage by ischaemia. 

Two-fifths of East Asians carry a mutation 
in the ALDH2 gene that leads to reduced 
ALDH2 activity. Alda-1 activated the mutant 
protein, and restored it to normal levels of 
activity. 


Fossils on Titan 


Science 321, 1475-1478 (2008) 

Before 13 June 2007, astronomers observed 
Saturn’s moon Titan (pictured right) only 
when it was inside the planet’s magnetic field. 
But on that day the probe Cassini observed 
Titan outside the controlling influence 

of Saturn’s magnetosphere, in a region 
permeated by the Sun’s magnetic field. 

Cesar Bertucci, now at the Institute for 
Astronomy and Space Physics in Buenos 
Aires, and his colleagues report that Titan, 
which lacks a major magnetic field of its own, 
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Active aphids 


Proc. R. Soc. Lond. B doi: 10.1098/rspb.2008.0880 (2008) 


Airborne arthropods are often divided into active 
fliers, which travel under their own power, and 
passive drifters on air currents. Now Andy Reynolds 
of Rothamsted Research in Harpenden, UK, anda 
colleague announce that aphids and other small- 
winged insects should not be labelled passive, 
because they can control their altitude. 


retains an imprint of Saturn's magnetic fields 
after leaving the planet’s magnetosphere. 
This occurs in the form of ‘fossil’ fields frozen 
into the plasma surrounding the moon. The 
solar magnetic field then overlaid these fossil 
fields, which persisted for between 

20 minutes and three hours, they report. 


Homes on the range 


Conserv. Biol. 22, 912-921 (2008) 

When it comes to choosing where to live, the 
best environmental intentions can lead to the 
worst results. 

M. Nils Peterson, now at North Carolina 
State University in Raleigh, and his colleagues 
surveyed more than 400 households in 
Idaho and Wyoming. They found that the 
least educated people who cared least about 
the environment chose to live in established 
residential areas, with low environmental 
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In simulations of air currents 
and aphid behaviour, results were 
closest to the observed distribution 
of aphids when the insects flew 
so as to magnify the effect of air 
movements. In updrafts, the 
authors claim, they fly just 
® enough to counterbalance 
gravity. In downdrafts, they 
stop flapping and sink. 


impacts. But people with high levels of 
education and environmental concerns chose 
homes in environmentally sensitive natural 
areas. Income was not a factor. Strangely, the 
longer residents lived in a natural area, the 
less they cared about the environment. 


Sexy and doomed 


Proc. Natl Acad. Sci. USA doi: 10.1073/ 
pnas.0803851105 (2008) 

Why haven't oncogenes — genes that 

cause cancer — been eliminated by natural 
selection? André Fernandez and a colleague 
from Ohio University in Athens believe they 
have found a possible answer. In a species 

of swordtail fish, Xiphophorus cortezi, the 
oncogene Xmrk also causes a dark pattern on 
male fish's tail fin that females in two out of 
three populations studied found attractive. 
Indeed, fish that have developed cancer had 
the largest patterns and were able to mate for 
many months before the disease killed them. 


Dopamine link to fragile X 


Neuron doi: 10.1016/j.neuron.2008.06.027 (2008) 
The lack of fragile X mental retardation 
protein (FMRP) causes a disorder with 
physical, cognitive and behavioural 
symptoms. FMRP has many roles, and 
Min Zhuo at the University of Toronto and 
his colleagues now add another: relaying 
messages in the dopamine pathway that 
shapes memory, planning and attention. 
Zhuo and his colleagues studied cultured 
neurons and mice lacking FMRP. The 
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Protecting the heart 


Science 321, 1493-1495 (2008) 

A protein that reduces heart damage in rats 
could hold the key to protecting humans 
against a potentially life-threatening 
condition: reduction of blood flow to the 
heart, or cardiac ischaemia. 

Daria Mochly-Rosen, of Stanford 
University in California, and her colleagues 
found that in rats, increased activity of a 
protein called aldehyde dehydrogenase 2 
(ALDH2) is correlated with reduced damage 
following cardiac ischaemia. The researchers 
then isolated a compound called Alda-1 
that activates ALDH2, also reducing heart 
damage by ischaemia. 

Two-fifths of East Asians carry a mutation 
in the ALDH2 gene that leads to reduced 
ALDH2 activity. Alda-1 activated the mutant 
protein, and restored it to normal levels of 
activity. 


Fossils on Titan 


Science 321, 1475-1478 (2008) 

Before 13 June 2007, astronomers observed 
Saturn’s moon Titan (pictured right) only 
when it was inside the planet’s magnetic field. 
But on that day the probe Cassini observed 
Titan outside the controlling influence 

of Saturn’s magnetosphere, in a region 
permeated by the Sun’s magnetic field. 

Cesar Bertucci, now at the Institute for 
Astronomy and Space Physics in Buenos 
Aires, and his colleagues report that Titan, 
which lacks a major magnetic field of its own, 
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Active aphids 


Proc. R. Soc. Lond. B doi: 10.1098/rspb.2008.0880 (2008) 


Airborne arthropods are often divided into active 
fliers, which travel under their own power, and 
passive drifters on air currents. Now Andy Reynolds 
of Rothamsted Research in Harpenden, UK, anda 
colleague announce that aphids and other small- 
winged insects should not be labelled passive, 
because they can control their altitude. 


retains an imprint of Saturn's magnetic fields 
after leaving the planet’s magnetosphere. 
This occurs in the form of ‘fossil’ fields frozen 
into the plasma surrounding the moon. The 
solar magnetic field then overlaid these fossil 
fields, which persisted for between 

20 minutes and three hours, they report. 
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stop flapping and sink. 
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oncogene Xmrk also causes a dark pattern on 
male fish's tail fin that females in two out of 
three populations studied found attractive. 
Indeed, fish that have developed cancer had 
the largest patterns and were able to mate for 
many months before the disease killed them. 
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The lack of fragile X mental retardation 
protein (FMRP) causes a disorder with 
physical, cognitive and behavioural 
symptoms. FMRP has many roles, and 
Min Zhuo at the University of Toronto and 
his colleagues now add another: relaying 
messages in the dopamine pathway that 
shapes memory, planning and attention. 
Zhuo and his colleagues studied cultured 
neurons and mice lacking FMRP. The 
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neurons responded sluggishly to stimulation 
of a dopamine receptor known as D1. The 
mice had an altered distribution pattern 

of the G protein-coupled receptor kinase 2 
protein, GRK2, which decreases D1’s activity. 
FMRP and GRK2 were also found to bind 

to one another, and blocking GRK2 with 

a drug corrected the mice’s D1 signalling 
deficiency. Drugs that boosted D1 signalling 
also restored some behaviour deficits in the 
mice. Zhuo and his colleagues conclude that 
FMRP isa player in the dopamine signalling 
architecture of the forebrain and that this 
may explain some of the problems caused by 
its deficit in fragile X syndrome. 


CHEMISTRY 
Ro-taxing synthesis 


Angew. Chem. Int. Edn doi: 10.1002/ 
anie.200803056 (2008) 
Chemists are fascinated 
by rotaxanes — a class of 
compound made froma 
dumbbell-shaped chemical 
inside a molecular 
ring — because 
such structures 
could be useful in 
making microscale 
machines. Sheng- 
Hsien Chiu and 
his colleagues at 
the National Taiwan 
University have now created the 
smallest rotaxane to date (pictured 
right), made from just 76 atoms, 
with a molecular mass of 510 daltons. 

Their ring is a crown ether — a circle 
of alternating oxygen atoms and ethylene 
groups — and their dumbell’s axle is a 
dialkylammonium ion. After threading 
the axle through the ring, grinding the 
mixture up with a tetrazine caps the axle 
with pyridazine groups to make the 
rotaxane. 

The scientists hope that they can shave 
a few atoms off the rotaxane to beat their 
own record. 


EVOLUTIONARY BIOLOGY 


Eggs in many baskets 


Proc. R. Soc. Lond. B doi: 10.1098/rspb.2008.0794 
(2008) 

In Bibron’s toadlet (Pseudophryne bibronii) 
males are the nestmakers and females 

shop around. Females of this Australian 
amphibian lay their eggs in the nests of up 
to eight males. This makes it the first frog or 
toad in which such ‘sequential polyandry’ 


has been genetically proven, and the most 
extreme example of this mating tactic seen in 
any vertebrate. 

Using DNA analysis and observations, 
Phillip Byrne, of Monash University in 
Melbourne, and his colleague showed that 
females that laid eggs in more nests had 
more surviving tadpoles. They suggest that 
polyandry is an insurance policy against nests 
flooding or drying out, and that other egg- 
layers in which dad tends the brood ina risky 
environment may do the same. 


FLUID DYNAMICS 


Making water wander 


Phys. Rev. Lett. 101, 114501 (2008) 
Asa stream of liquid flows down a slope, it 
often begins to meander. Bjérn Birnir 
of the University of California, 
Santa Barbara, and his colleagues 
show that if the liquid flow 
fluctuates this can happen even 
on a perfectly smooth, clean 
surface that does not erode. 
The researchers ran a 
stream of a water mixed 
with glycerine down 
a plastic sheet. As 
the flow changed 
from smooth to 
pulsed, the rivulet 
began meandering. 
The wavy path can 
be sustained once 
the pulsing stops, as the stream hits 
droplets left on the surface during its 
earlier wanderings. 


ATMOSPHERIC CHEMISTRY 


Glasses in the sky 


Atmos. Chem. Phys. 8, 5221-5244 (2008) 

Some solutions of water-soluble organic 
compounds form glasses below —43 °C. 
The upper troposphere, where cirrus clouds 
form, is this cold; glass formation here could 
impede the water uptake of aerosol particles, 
ice nucleation and crystal growth, with 
implications for cloud formation. 

Thomas Koop of Bielefeld University in 
Germany and his colleagues investigated 
glass formation in various solutions under 
realistic atmospheric conditions in the lab. 
They found that aerosol particles enriched 
with large organic molecules are most likely 
to form glasses at low temperatures and high 
relative humidity. Modelling studies should 
be used to assess the regional and global 
impact of atmospheric glass formation, say 
the authors. 


© 2008 Macmillan Publishers Limited. All rights reserved 


RESEARCH HIGHLIGHTS 


JOURNAL CLUB 


Nicola Hamilton and 
David Attwell 
University College London 


Two neuroscientists are 
surprised by the link betweena 
brain-chemical transporter and 
sexual orientation. 


Many nerve cells in the brain release 
the chemical neurotransmitter 
glutamate to signal to other 
neurons via receptors. Dedicated 
transporters then remove 
glutamate from the extracellular 
space to end signalling. 

Cystine-glutamate exchangers 
are unusual glutamate transporters 
because they do the reverse, adding 
glutamate to the extracellular space 
while removing cystine. David 
Featherstone of the University 
of Illinois, Chicago, and his 
colleagues have found that in the 
fruitfly Drosophila melanogaster, 
knocking down expression of a 
cystine-glutamate exchanger in 
non-neuronal glial cells leads to 
a dramatic change in the sexual 
behaviour of male flies: they mate 
with both males and females owing 
to altered processing of sex-specific 
chemosensory cues (Y. Grosjean et 
al. Nature Neurosci. 11, 54-61; 2008). 

This behaviour may be 
caused by an increase in the 
number of glutamate signalling 
receptors, which is induced by 
the fall in extracellular glutamate 
concentration that follows 
transporter knockdown. Indeed, 
the effect of the knockdown could 
be reversed by feeding the flies 
a drug that reduces glutamate 
signalling, and could be mimicked 
by feeding normal flies a drug that 
enhances glutamate signalling. 

These studies raise questions 
about whether human sexual 
orientation, long assumed to 
be due to a mix of genes and 
environment, could also be 
altered by perturbations of 
neurotransmitter signalling. Could 
differences in such signalling 
contribute to different sexual 
preferences? 

The possibility of altering sexual 
preference pharmacologically is 
worrying. We cannot rule out a 
future regression to the twentieth- 
century idea that sexual behaviour 
should be regulated by society. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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Green issues dominate election 


As the United States heads for a showdown 
at the polls, its Canadian neighbour is rush- 
ing out its own election — announced on 
7 September, voting is scheduled for 14 Octo- 
ber. In Canada, a country dominated by vast 
expanses of wilderness — as well as growing 
greenhouse-gas emissions — green issues are 
at the forefront of the debate. 

“In many ways this is the first time that this 
has happened in Canadian 
history — the first environ- 
ment election and the first cli- 
mate election,” says Graham 
Saul, executive director of the 
non-partisan Climate Action 
Network in Ottawa. 

Prime Minister Stephen Harper, the leader of 
Canada’s minority Conservative (centre-right) 
government, has so far campaigned on his abil- 
ity to manage the economy. Opposing Liberal 
(centre-left) party leader Stéphane Dion’s 
defining policy is the ‘Green Shift; a plan to 
shift taxes away from income and investment 
and towards pollution and greenhouse-gas 
emissions. Dion has attacked the Conserva- 
tive party’s environmental inaction, including 
its abandonment of Kyoto Protocol targets in 
2006. He even has a dog named Kyoto, which 


Liberal leader Stéphane Dion's election campaign 
focuses on green issues. 
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features in the party's television advertisements. 
A quote from Al Gore — “We should tax what 
we burn, not what we earn” — is prominent on 
the Green Shift website. 

Harper was elected in 2006 after a decade 
of Liberal leadership. The most recent polls 
show that the Conservatives are ahead in this 
year’s race, in which they hope to win a major- 
ity government. 

The focus on green issues is exemplified 
by a row over the Green par- 
ty’s participation in televised 
debates scheduled for the first 
week of October. Despite hav- 
ing a member of parliament 
and more than 5% support 
in polls (the usual criteria for 

participating in the event), when Green leader 
Elizabeth May asked for her invitation, Harper 
threatened to boycott the event if she attended. 
“Ms May is basically presenting the same posi- 
tions as Mr Dion,’ complained Harper, saying 
that would make the event unfair. This ignited 
a storm of controversy and drew pointed 
remarks about Harper’s apparent unwillingness 
to be questioned on his environmental policies. 
Under pressure, Harper reversed his position 
and last week May was invited onto the show. 

It was a busy week. On 9 September, four 
former prime ministers — two Conserva- 
tive and two Liberal — signed the Canadians 
for Climate Leadership Declaration. The 
document is a general call for action without 
many specifics, but it does make a key point 
that pricing carbon — they support Can$30 
(US$28) per tonne CO, equivalent — is an 
essential part of tackling climate change. 


High emissions 

Canada was one of the first countries to sign 
the Kyoto Protocol in 1998, pledging to reduce 
emissions by 6% below 1990 baseline levels by 
2012. But emissions were more than 20% over 
baseline when the Conservatives took power 
in 2006, just before they admitted that Kyoto 
targets wouldn't be met. Today Canada’s per 
capita emissions and energy consumption are 
among the highest in the world. Rapid popu- 
lation growth and rising export markets make 
national emission targets — rather than per 
capita targets — hard to meet, notes econo- 
mist and policy expert Thomas Courchene of 
Queen's University in Kingston, Ontario. The 
country also has strong commercial interests 
in fishing, forestry, trucking and oil, including 
Alberta’s tar-sand oil refineries, which can make 
environmental policies hard to push through. 
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Conservative leader Stephen Harper puts the 
economy high on his agenda. 


The Green Shift’s main promise is to tax 
greenhouse-gas emissions, starting at Can$10 
per tonne of CO, and reaching Can$40 per 
tonne within four years. This would be matched 
by reductions in income tax, making the plan 
revenue neutral. Existing taxes on gasoline 
mean that the plan shouldn't hit pump prices, 
and there will be no price hikes for diesel and 
aviation fuel for the first year. “It will mean 
huge price increases for coal, and increased 
interest in clean coal,” says Courchene. Harper 
has promised to cut diesel taxes. 

The Conservatives don't dispute that climate 
change is important, but argue over the way to 
tackle it. Their policies include cutting emissions 
to 20% below 2006 levels by 2020, requiring car- 
bon capture and storage for Alberta tar-sand 
operations that start after 2012, and starting 
an emissions-trading plan based on national 
energy efficiency, using energy intensity — the 
amount of energy per unit of gross domestic 
product — rather than absolute caps. 

The Liberal party aims for a 20% emissions 
cut below 1990 levels by 2020. And it has plans 
for a cap-and-trade programme, as exists in 
Europe, but acknowledges it will take years to 
set up the bureaucracy to support it; a tax can 
be implemented immediately. The main point 
emphasized by the declaration of former prime 
ministers, advocacy groups and all the main 
Canadian parties aside from the Conservatives, 
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says Saul, is to put a price on carbon quickly. 

A small foray into carbon taxing has already 
been made in Canada. British Columbia's Lib- 
eral provincial government implemented the 
first major North American carbon tax in July, 
at a rate of Can$10 per tonne of CO, (or equiva- 
lent emissions), rising to Can$30 per tonne in 
2012. The province's plan is also revenue neutral, 
with companies paying the majority of the tax 
and individuals receiving most of the credit — 
including a one-off cheque for Can$100 earlier 
this summer that is meant to be spent on creat- 
ing more environmentally friendly lifestyles. 

Earlier this month, more than 60% of 1,000 
people polled nationally said that climate 
change would be important or the most impor- 
tant issue in deciding their vote. Such opinions 
dont always survive in the polling booth, but 
constant reminders of the impacts of climate 
change did influence Conservative-minded 
Australians to vote out their government in 
elections last year. 

Canadian policy experts see their country 
lagging behind Europe on climate issues. It 
could yet catch up. But although Canada’s 
election precedes the one down south, their 
policies may yet be held back by US decisions. 
“There's a real danger that we're just going to 
kind of adopt whatever happens in the United 
States,” says Saul. “Canadian politicians don't 
like to make a stand if Americans aren't doing 
the same.” : 
Nicola Jones 
See Editorial, page 263. 


lran holds AIDS doctors 


lran is under mounting pressure to reveal 

the whereabouts of two of the nation’s HIV 
researchers, who have been detained without 
charge since late June. 

The brothers, Arash and Kamiar Alaei, 
have achieved international acclaim for their 
progressive HIV-prevention programme and 
were scheduled to speak about it at the 17th 
International AIDS Conference in Mexico City 
last month. Both were arrested before leaving 
the country. The men had collaborated with 
other scientists around the world, including 
some in the United States, and are not thought 
to have been politically active. 

Protests in their support were made at the 
conference. Since then, several human-rights 
organizations, including Physicians for Human 
Rights and Amnesty International, have called 
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Arash Alaei has not been seen since June. 


on lran to abide by its international legal 
obligations to explain the arrests and allow the 
men access to lawyers and the right to contest 
their detention before a judge. 

The call has been taken up by several 
scientific bodies, including the International 
AIDS Society, the Foundation for AIDS 
Research and the American Association 
for the Advancement of Science (AAAS), 
and thousands of scientists and physicians 
have signed an online petition at www. 
iranfreethedocs.org. Barry Bloom, dean of the 
Harvard School of Public Health in Boston, 
Massachusetts, has also expressed his “deep 
concern” over the brothers’ detention. 

Kamiar, the younger of the brothers, holds 
amaster's degree from the Harvard School 
of Public Health and was to have resumed 
doctoral studies at the University of Albany's 
School of Public Health in New York. Arash, 
former head of international education and 
research cooperation at the Iranian National 
Research Institute of Tuberculosis and Lung 
Disease, runs a clinic in Tehran. 

HIV is ataboo subject in much of the 
Middle East, including Iran, but the brothers 
have helped to forge impressive prevention 
and treatment programmes — the country is 
now one of the few to distribute condoms and 
syringes in prisons, for example. | 
Declan Butler 
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Japan fast-tracks stem-cell patent 


Kyoto University in Japan has 
acquired the world's first patent for 
induced pluripotent stem (iPS) cells. 
The university paid registration 
fees for the patent (2008-131577), 
which is of only limited coverage 
and applies only in Japan, on 
2 September, after it was approved 
by the Japanese patent office. 
Shinya Yamanaka, a stem-cell 
researcher at the university, created 
the first iPS cells in 2006 by using 
four genetic factors to ‘reprogram’ 
adult cells from mice into an 
embryonic-stem-cell-like state. A 
year later he achieved the same in 
human cells, publishing the research 
the same day as a US team led by 
James Thomson of the University of 
Wisconsin. Thomson's group used 
a different set of genetic factors to 
make its human iPS cells. 


iPS cells have the potential to 
develop into almost any of the 
body's cell types, and hold great 
promise in therapy and disease 
modelling. Kyoto University applied 
for an international patent (PCT/ 
JP2006/324881) in December 
2006. AUS patent application is in 
Yamanaka's name. 

Kyoto University expects the 
international patent to cover iPS 
cells from all species — “any cell, 
besides a germ cell, of any type of 
organism," says Hideya Hayashi of 
the university's iPS Cell Research 
and Application office. 

The international patent 
has many claims in it, so it will 
probably take another year or 
longer for the various patent 
offices to process and approve it, 
says Hayashi. Kyoto University did 


not want to wait, so it fast-tracked 
the Japanese patent application 
for the most basic claim, covering 
the “method” of using Yamanaka's 
four genetic factors to reprogram 
acell. “A lot of people were 
wondering what was happening 
with these patents. We wanted to 
make it clear," Hayashi says. 
Other claims in the international 
patent still need to be worked 
out, especially that covering the 
product, the iPS cells themselves. 
It's not certain whether Yamanaka's 
patents cover iPS cells created 
by reprogramming with different 
genetic factors. Itsuki Shimbo, a 
patent attorney with the Tokyo- 
based firm Tsubame says it is 
unclear whether the patent will 
be able to restrict scientists using 
other combinations. 
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Hayashi says the university does 
not plan to restrict others from doing 
iPS cell research. Rather, it wants 
to ensure that people, including 
Yamanaka, are not restricted by 
other patents and can freely use 
iPS cell technology. “We want to 
remove any potential obstacles to 
the quick clinical application of iPS 
technology,” Hayashi says. “We are 
not trying to confine its use.” 

Shimbo says that Yamanaka's 
patent might prevent future 
restrictive iPS patents based on 
different combinations of genetic 
factors. “It will be very hard to 
claim that such a change was truly 
novel,” he says. 

The Japanese patent will be valid 
until 6 December 2026, 20 years 
from the application date. |] 
David Cyranoski 
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says Saul, is to put a price on carbon quickly. 

A small foray into carbon taxing has already 
been made in Canada. British Columbia's Lib- 
eral provincial government implemented the 
first major North American carbon tax in July, 
at a rate of Can$10 per tonne of CO, (or equiva- 
lent emissions), rising to Can$30 per tonne in 
2012. The province's plan is also revenue neutral, 
with companies paying the majority of the tax 
and individuals receiving most of the credit — 
including a one-off cheque for Can$100 earlier 
this summer that is meant to be spent on creat- 
ing more environmentally friendly lifestyles. 

Earlier this month, more than 60% of 1,000 
people polled nationally said that climate 
change would be important or the most impor- 
tant issue in deciding their vote. Such opinions 
dont always survive in the polling booth, but 
constant reminders of the impacts of climate 
change did influence Conservative-minded 
Australians to vote out their government in 
elections last year. 

Canadian policy experts see their country 
lagging behind Europe on climate issues. It 
could yet catch up. But although Canada’s 
election precedes the one down south, their 
policies may yet be held back by US decisions. 
“There's a real danger that we're just going to 
kind of adopt whatever happens in the United 
States,” says Saul. “Canadian politicians don't 
like to make a stand if Americans aren't doing 
the same.” : 
Nicola Jones 
See Editorial, page 263. 
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other scientists around the world, including 
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on lran to abide by its international legal 
obligations to explain the arrests and allow the 
men access to lawyers and the right to contest 
their detention before a judge. 

The call has been taken up by several 
scientific bodies, including the International 
AIDS Society, the Foundation for AIDS 
Research and the American Association 
for the Advancement of Science (AAAS), 
and thousands of scientists and physicians 
have signed an online petition at www. 
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Massachusetts, has also expressed his “deep 
concern” over the brothers’ detention. 

Kamiar, the younger of the brothers, holds 
amaster's degree from the Harvard School 
of Public Health and was to have resumed 
doctoral studies at the University of Albany's 
School of Public Health in New York. Arash, 
former head of international education and 
research cooperation at the Iranian National 
Research Institute of Tuberculosis and Lung 
Disease, runs a clinic in Tehran. 

HIV is ataboo subject in much of the 
Middle East, including Iran, but the brothers 
have helped to forge impressive prevention 
and treatment programmes — the country is 
now one of the few to distribute condoms and 
syringes in prisons, for example. | 
Declan Butler 
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the same day as a US team led by 
James Thomson of the University of 
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for an international patent (PCT/ 
JP2006/324881) in December 
2006. AUS patent application is in 
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international patent to cover iPS 
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besides a germ cell, of any type of 
organism," says Hideya Hayashi of 
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and Application office. 

The international patent 
has many claims in it, so it will 
probably take another year or 
longer for the various patent 
offices to process and approve it, 
says Hayashi. Kyoto University did 


not want to wait, so it fast-tracked 
the Japanese patent application 
for the most basic claim, covering 
the “method” of using Yamanaka's 
four genetic factors to reprogram 
acell. “A lot of people were 
wondering what was happening 
with these patents. We wanted to 
make it clear," Hayashi says. 
Other claims in the international 
patent still need to be worked 
out, especially that covering the 
product, the iPS cells themselves. 
It's not certain whether Yamanaka's 
patents cover iPS cells created 
by reprogramming with different 
genetic factors. Itsuki Shimbo, a 
patent attorney with the Tokyo- 
based firm Tsubame says it is 
unclear whether the patent will 
be able to restrict scientists using 
other combinations. 
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Hayashi says the university does 
not plan to restrict others from doing 
iPS cell research. Rather, it wants 
to ensure that people, including 
Yamanaka, are not restricted by 
other patents and can freely use 
iPS cell technology. “We want to 
remove any potential obstacles to 
the quick clinical application of iPS 
technology,” Hayashi says. “We are 
not trying to confine its use.” 

Shimbo says that Yamanaka's 
patent might prevent future 
restrictive iPS patents based on 
different combinations of genetic 
factors. “It will be very hard to 
claim that such a change was truly 
novel,” he says. 

The Japanese patent will be valid 
until 6 December 2026, 20 years 
from the application date. |] 
David Cyranoski 


269 


SPECIAL REPORT 


SWOLLEN WITH SUCCESS 


For a different perspective on the 2008 indicators from the US National Science Foundation, take a look at 
Nature's cartograms. Words and maps by Declan Butler. 


reading in the research community, where 

scientists pore over them like fans ana- 
lysing the latest football results. Conventional 
mapping of indicators can make interpreta- 
tion tricky, so Nature has generated a series of 
cartograms that reveal the United States dis- 
torted in proportion to a variable other than 
area — such as state spending on R&D. The 
maps here were made using data from the State 
Indicators chapter of the 2008 edition of the US 
National Science Foundation’s (NSF’s) Science 
and Technology Indicators (www.nsf.gov/sta- 
tistics/seind08). For simplicity, the cartograms 
use a base map of the 48 contiguous mainland 
states and the District of Columbia. 

Perhaps the best-known use of cartograms 
is the 2004 analysis of US presidential election 
results by Mark Newman of the University of 
Michigan in Ann Arbor, and Michael Gastner, 
at the Santa Fe Institute in New Mexico, who 
are experts in social and information networks. 
Whereas standard maps showed the United 
States awash in red Republican votes, carto- 
grams that adjusted state and county areas on 
the basis of their population gave a more accu- 
rate picture, with roughly equal areas of red and 
blue (T. M. Gastner and M. E. J. Newman Proc. 
Natl Acad. Sci. USA 101, 7499-7540; 2004). 

That paper introduced an improved algorithm 


S cience indicators make for compulsive 


INDUSTRY-PERFORMED R&D AS SHARE 
OF PRIVATE-INDUSTRY OUTPUT (2005) 


ij 0.130-0.620 


R&D AS SHARE OF GROSS DOMESTIC PRODUCT (2004) 


[ea Ist quartile 3rd quartile 
eal 2nd quartile Ath quartile 


Source: NSF Science & Engineering Indicators, 2008 


The standard map above of R&D as a share of each state's gross domestic product can be compared 
directly with the cartogram immediately below. This NSF indicator shows the importance of R&D toa 
state's economy, a measure of its potential for future growth. 


R&D AS SHARE OF GROSS 
DOMESTIC PRODUCT (2004) 


I 0.410-1.080 


i 0.621-1.420 [J 1.081-1.980 
| 1.421-2.230 | 1.981-2.710 
HB 2.231-5.040 i 2.711-8.010 
States with high values for this indicator were mostly located on the west New Mexico and Colorado are prominent because of the presence of 


coast or the northern half of the east coast. 
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national labs in these states with an otherwise small GDP. 
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45 BIRDS CONFOUND 
CLIMATE MODELS 

Could more than 60% of 

‘climate envelope’ studies 

be wrong? 

f www.nature.com/news 


r 


INDIVIDUALS IN S&E OCCUPATIONS 
AS SHARE OF WORKFORCE (2006) 


i 0.000-2.700 
§ 2.701-3.340 
OH 3.341-3.900 
HB 3.901-21.590 


Science and engineering jobs have the biggest share of the workforce in the 
District of Columbia and the adjacent states of Maryland and Virginia. 


for generating cartograms, which was the one 
used here. The software implementation is the 
open-source ScapeToad, released in May by the 
Chéros Laboratory at the Swiss Federal Insti- 
tute of Technology (EPFL) in Lausanne, which 
researches the concept of space in society, from 
urban planning to territorial development. 

Cartograms have rarely been used for science 
indicators, although the NSF generated two for 
its 2006 science and engineering indicators. 
“The resulting feedback was mixed,’ says John 
Gawalt of the NSF's statistics division, “they can 
be difficult for readers to interpret.” 

But visualizing information in this way can 
be stimulating. “For such a familiar map as the 
United States, the combined distortions and 


VENTURE CAPITAL DISBURSED PER $1,000 


OF GROSS DOMESTIC PRODUCT (2006) 


fj 0.000-0:100 
J 0101-0.400 
8 0.401-1.310 
Wi 1.31-8.510 


High values of venture capital normalized to the size of a state's economy 
show which states are successfully attracting venture capital to fuel growth. 


EMPLOYED S&E DOCTORATE HOLDERS 
AS SHARE OF WORKFORCE (2006) 


fl 0.200-0.290 
J 0.291-0.370 
i 0.371-0.490 
BB 0.491-4.490 


colour scales of these cartograms are highly 
meaningful; the maps become somehow 
shocking and subversive,” says Rémi Barré, a 
researcher at the National Conservatory of Arts 
and Crafts (CNAM) in Paris and former head of 
the French science indicators agency, the Paris- 
based Science and Technology Observatory 
(OCT). “This double visualization is powerful 
and welcome.” 

“They're a really nice visualization of some 
things I hadn't really appreciated before,” says 
Newman. “The one of R&D as share of gross 
domestic product is pretty close to a population 
cartogram, except for Colorado and New Mex- 
ico, where the big national labs are. It’s interest- 
ing to see Michigan, with the auto industry, and 


This indicator shows a state's ability to attract and retain highly trained 
scientists and engineers. 


Washington state, home of Microsoft, looming 
large on the industry-funding cartogram. Why 
is Oregon so big? Is that Intel?” 

Geographer Jacques Lévy, director of the 
Chéros lab, says the Nature maps are fascinating. 
“Tm struck by the efficient resistance of the east, 
including a part of the Rust Belt and the coastal 
south. Conversely, California and the west coast 
do not seem to do as well as we might imagine. 

“The maps also show how in a supposed 
neo-liberal America, the role of a powerful, 
multi-tier state can challenge the spontaneous 
distribution of resources induced by socio- 
economic rationales,’ Lévy adds. a 


See Editorial, page 264. 


VENTURE CAPITAL DISBURSED ($ THOUSANDS) (2006) 


i 0-10143 
9) 10144-62,058 

BB 62,059-357,314 
WB 357,315-12,577,804 


© 2008 Macmillan Publishers Limited. All rights reserved 


Absolute values of venture capital disbursed show that it is concentrated in 
a handful of states, with California obtaining almost half. 
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Q&A 


Data on display 


Risking being scooped and having 
patents refused, some scientists 
are posting their data online as they | 
produce them. Organic chemist 
Jean-Claude Bradley (left) of 
Drexel University in Philadelphia, 
Pennsylvania, and biochemist 
Cameron Neylon of the University 
of Southampton, UK, describe this 
‘open notebook’ approach. 


What is an ‘open notebook’? 

Bradley: The basic philosophy of open- 
notebook science is to have no insider 
information. Essentially all the information 
that is available to the [research] group is 
available to the rest of the world. You have an 
objective, a procedure and a log section, in 
which you report what you actually do. Then 
you've got your raw data files, and you link 

to those. That is all the information that any 
scientist needs to be able to figure out what 
you did and to analyse it. I use a wiki space 
that gives me a time stamp on the entries. 
Neylon: Were aiming to improve scientific 
communication. The ultimate form would be 
if everything were available as it happened. 
That's never going to be for everybody. You 
still have issues such as patient privacy, the 
safety of people doing animal experimentation 
and so on. So in some cases, data shouldn't be 
made fully or immediately available. 


What are the main concerns? 

Neylon: The main issue is the fear of rivals 
stealing data. The second one is: will I be 

able to publish? And that depends on the 
publisher. Most publishers regard what we do 
as the equivalent of presenting at a conference, 
or a preprint. That hasn't been tested across a 
wide range of publishers, and there’ at least 
one — the American Chemical Society — that 
doesn't allow prepublication in any form 
whatsoever. There's also a legitimate concern 
that a lot of people will put out a lot of rubbish. 


Is this going to make traditional 

publishing obsolete? 

Bradley: No. I'm publishing a paper [based 

on work that is openly available on my online 
notebook]. The notebook is about publishing 
data as quickly as possible. The paper is about 
synthesizing knowledge from all those results. 
But we want the best of both worlds, so we 
want to publish using traditional channels and 
we want to link back to the notebook. 


Are scientists working in industry 
interested in the idea? 

Neylon: The people within companies who 
are trying to do this are finding it a very hard 
sell to the board but it is being talked about. 
Bradley: If patenting is important to you, 
you cannot do open-notebook science, it’s 
that simple. But in big pharma, there’s an 
awful lot of background data, which they 
call precompetitive work, which are really 
valuable to other people but end up not being 
as valuable to the company. 


Has your open notebook ever been used to 
claim priority over a discovery? 

Neylon: On our blog we had a statement 
with evidence that a piece of research worked 
before a paper from another group came 

out, although probably after the paper was 
submitted. I’m interested in putting the 
statement “we were the first to report it” in our 
paper when we publish the work and seeing 
what the response is. People’s views differ 
about whether that would be reasonable. 


When will the idea become more popular? 
Neylon: Open notebooks are practical but 
tough at the moment. My feeling is that the 
tools are not yet easy enough to use. But I 
would say that a larger proportion of people 
will be publishing electronically and openly in 
ten years. 

Bradley: There are different ways to do 

this. If you use a wiki-based approach, that’s 
something you could do overnight. But the 
whole lab needs to realize that it’s something 
they need to do. 

Neylon: An important point that sometimes 
get missed about electronic systems is that 
other people might be looking at them, so 
they tend to force much higher standards of 
record-keeping. The record becomes much 
better and more flexible, but it involves a lot 
more work to keep it up to date. | 
Interview by Katherine Sanderson 
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DREXEL UNIV.; C. NEYLON 


AN 


08 


INNOVATIVE 
IDEAS 


In the third of our election- 
themed podcasts available 
online, Nature looks at 
where US innovation policy 
might go under a new 
president. Excerpts from 
our panel discussion: 


“One of the things | would like to 
see the candidates understand — | 
think Obama gets it intuitively, and 
McCain may be coming around to it 
— is that technology and innovation 
drive long-term economic 
growth... Real national leadership 
on these issues, on a consistent 

and ongoing basis, would be 

what | want to see from the next 
administration." 


Stephen Ezell, senior analyst, Information 
Technology and Innovation Foundation, 
Washington DC 


“It's astounding that over the 
past eight years, the number of 
computer-science graduates in 
the United States has decreased 
by 50%, at atime when computer 
science became one of the most 
high-growth job industries." 
Stephen Ezell 


“It is truly a competition for the best 
and brightest right now, and we 
need to do that. If it means stapling 
agreen card to the diploma for 
people who have a degree in science 
that we think is valuable, then we 
should be looking to do it now.” 


Bill Bates, vice-president, government affairs, 
Council on Competitiveness, Washington DC 


“We need to find ways in this 
country to get over being so worried 
about supporting industrial policy 
and funding, that Valley of Death 
that exists between our universities 
and the venture capitalists.” 


Tobin Smith, associate vice-president for 
federal relations, Association of American 
Universities, Washington DC 


To hear the full discussion, 
chaired by our columnist David 
Goldston, visit www.nature. 
com/nature/podcast. 
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A longer paper gathers more citations 


Researchers could garner more citations simply 
by making their papers longer, a study seems 
to imply. 

In an analysis of 30,027 peer-reviewed 
papers published between 2000 and 2004 in 
top astronomy journals, astronomer Krzysztof 
Stanek of Ohio State University in Columbus 
found that the median number 


headquarters in Germany, who recently 
conducted a similar analysis and found the same 
results but didn’t publish them. “I expected that 
shorter papers would be cited more than longer 
ones,’ he says. “I assumed that people don't have 

the time to read long papers.” 
Papers of about 4 pages — the length 
of Letters in Astrophysical 


of citations increases with the "There is definitely Journal and Astronomy and 
nae of the paper —from toomuchobsession Astrophysics, eae 
just 6 for papers of 2-3 pages to . os ae summaries of work that is usu- 
about 50 for 50-page papers’. with citations and ally published in more detail 

There is, however, a limit to other indices. later — fare better than papers 


the benefits of size: citations 
start to tail off when papers reach lengths of 
80 pages or so, perhaps because fewer people 
have the stamina to read them. 

It is unexpected, says astronomer Jérg 
Dietrich of the European Southern Observatory 


5-10 pages long. But brevity 
offers no such benefit for papers in the other 
two journals considered, Astronomical Journal 
and Monthly Notices of the Royal Astronomical 
Society, which do not have Letters. 

Stanek says he can’t explain the length effect. 


Dietrich thinks that longer papers are more 
useful because on average they contain more 
information. But he suspects that such papers 
are often not read in their entirety. A study of 
the propagation of citation errors has revealed 
that citations are often simply copied without 
being read’, 

Stanek does not intend to submit his study 
to ajournal (although he encourages readers to 
“feel free to cite it as often as possible”). But it 
follows other recent investigations of citation 
statistics in astronomy*’, which looked at the 
effects of placing papers on the preprint server 
http://arxiv.org. On average this doubles the 
number of citations received’, and Dietrich 
found that the timing of posting, and thus the 
paper’s position in the mailing list, also had an 
important effect’. 

This apparent potential to rig citations 


Gene chips unmask cryptic 


People with diverse symptoms including mental 
retardation, small head size, heart problems 
and cataracts have genomic rearrangements on 
the same region of chromosome 1, researchers 
reported last week. 

A team led by genome scientist Evan Eichler 
at the University of Washington in Seattle 
linked deletions and duplications in a region of 
chromosome 1 that is 1.35 million DNA bases 
long to the abnormalities and cases of 
autism and learning difficulties’. Two 
studies published in July linked the same 
genomic region to schizophrenia””. 

The findings are just the latest in 
a spate of studies using microarrays, 
which measure genetic make-up 
and activity, to identify small DNA 
defects in patients with complex 
disorders. Doctors are already using 
the technique to diagnose genetic 
causes of unexplained developmental 
conditions after clinical tests have 
proven inconclusive, making microarray 
tests an early clinical success story in 
the genomic revolution. 

“The technology is moving rapidly 
from research to clinical labs, and what's 
research information today is becoming 
part of our clinical practice tomorrow,” 
says David Ledbetter, an expert in 
chromosomal abnormalities at Emory 
University in Atlanta, Georgia. 
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Microarrays are glass slides embedded 
with fragments of DNA selected from entire 
genomes. Scientists can detect abnormalities 
ina patient's DNA — suchas losses or gains of 
hundreds or a thousand bases — by comparing 
it with the normal material on the microarray. 
These deletions or duplications, also called 
copy-number changes, can change the dosage of 
a gene. They were invisible to older techniques 
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Microarrays are an early genomic success story — the technology is 
already being used in the clinic. 
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diseases 


suchas karyotype analysis and fluorescence 
in situ hybridization, both of which involve 
examining whole chromosomes. 

Over the past two years, microarray-based 
DNA comparisons have become routine in clinics 
around the world. Microarray supplier Agilent, 
based in Santa Clara, California, estimates that 
the worldwide market in this form of microarray 
analysis approaches US$200 million and is 
growing rapidly. 

But a new appreciation of the amount 
of genetic variation found in healthy 
people means it can be difficult to tell 
whether a particular change is causing a 
patient's symptoms. 

In Eichler's study, for example, eight 
patients had spontaneous deletions 
in the chromosome 1 region, but nine 
patients inherited their abnormalities 
from a parent, some of whom showed 
no symptoms. It's not clear how 
rearrangements in the region, which 
contains nine genes, cause the many 
symptoms seen in the study. 

Such findings complicate the 
use of microarray tests in prenatal 
diagnostics, an area that is proceeding 
cautiously. On 1 October, doctors 
will begin enrolling 4,000 patients 
in a study funded by the US National 
Institute of Child Health and Human 
Development in Bethesda, Maryland, to 
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The United States debates 
its exploration of the sea for 
oil and gas. 


simply by adjusting a paper's size, place and 
timing of exposure sounds worrying at a time 
when citation statistics are increasingly being 
used, both formally and informally, as indica- 
tors of performance. Stanek 

points out that the ‘h index”, 

a measure of the cumulative 

impact of a researcher's pub- 

lished output, has become a 

fetish among some scientists. 

“You will become obsessed with 

it” he advises young scientists in 

his paper, and will start “telling other astrono- 
mers that your h is bigger than their h”. 

“There is definitely too much obsession with 
citations and other indices,’ Stanek says. This is 
partly because they are easy to calculate regard- 
less of whether they actually mean very much. 
But he confesses to using them himself. 

Stanek treats his results semi-humorously, 
using them with earlier studies to draw up a 
set of guidelines for how graduate students 


compare microarray-based tests with traditional 
prenatal diagnosis techniques. 

Scientists worldwide are trying to decrease 
uncertainty by pooling their samples in 
databases of copy-number aberrations, 
including Canada's Database of Genomic 
Variants, DECIPHER in the United Kingdom, 
and the European Union-funded ECARUCA. 
The databases help scientists link rare DNA 
changes to conditions ranging from autism and 
schizophrenia to kidney disease. 

Eventually, scientists and doctors hope to 
understand why changes in gene copy number 
cause disease. But Eichler warns that this will 
require studies with perhaps tens of thousands 
of patients, as well as consultations with patients 
and their families for follow-up analyses, 
something that isn't part of most large genome- 
wide association studies today. 

It will also require US geneticists to 
share samples as freely as their European 
colleagues, says Eichler, who is grateful to his 
European collaborators, but laments his US 
colleagues’ reluctance to pool their resources 
ona large scale. Ledbetter is trying to coax US 
geneticists to share with the help of a grant 
from the American College of Medical Genetics 
Foundation in Rockville, Maryland. Eichler hopes 
the plan will succeed: “We are going to needa 
sea change.” 

Erika Check Hayden 


1. Mefford, H. C. et al. New Engl. J. Med. Advance online 
publication doi:10.1056/NEJMoa0805384 (2008). 

2. Stefansson, H. etal. Nature 455, 232-236 (2008). 

3. International Schizophrenia Consortium Nature 455, 
237-241 (2008). 


might manage their publications and citations 

to greatest advantage as their careers progress. 

“Make sure you submit your papers to [Arxiv] 

just after 4 p.m. US Eastern time on Wednes- 

day,” he suggests, for example. 

But his study highlights 

some important questions. 

One is whether — in the face 

of new dissemination chan- 

nels such as preprint servers 

and an increased sensitivity to 

citation indices — it is realistic 

to regard citations as an accurate measure of 
achievement. 

Another question is how long a paper ought 
to be. If length really does matter, will that 
encourage researchers simply to inflate their 
results unnecessarily? Many of the greatest past 
discoveries, such as the structure of DNA, were 
reported extremely concisely. “Most astronomi- 
cal publications in the nineteenth century were 
very short observation reports, a few paragraphs 


SNAPSHOT 
Long-lost antcestor 


at most,’ says Dietrich. But Stanek has no prob- 
lem with length, saying that he prefers papers to 
“be as self-contained as possible — and I have 
seen a lot of short papers that are not’. 

Yet Dietrich thinks the risk of encouraging 
people to inflate their papers with waffle is 
small. “Writing a bloated paper is considerably 
more work, and incurs the risk of diluting an 
interesting work to the point that readers don't 
find the interesting aspects. Also, referees and 
editors are usually very critical of bloat. The 
best tactic is still to write a good paper, and a 
bloated paper is not a good paper.” 

Philip Ball 


1. Stanek, K. Z. Preprint at http://arxiv.org/abs/0809.0692 
(2008). 

2. Simkin, M. V. & Roychowdhury, V. P. Complex Syst. 14, 269 
(2003). 

3. Schwarz, G. J. & Kennicutt, R. C. Jr Preprint at http://arxiv. 
org/abs/astro-ph/0411275 (2004). 

4. Dietrich, J. P. Preprint at http://arxiv.org/abs/0712.1037 
(2007). 

5. Hirsch, J. E. Proc. Nat! Acad. Sci. USA 102, 16569-16572 
(2005). 


This pale-yellow, eyeless 
creature is so bizarre that 
naturalist E. O. Wilson 
named it “the ant from 
Mars”. Martialis heureka, 
a native of the Brazilian 
Amazon, is the founding 
member of anew subfamily 
of ants, which split off from 
the ant family tree early in its 
evolution. 

“It could represent a relict 
species that retained some 
ancestral morphological 


characteristics,” says 
discoverer Christian 
Rabeling, a graduate 


student in integrative 
biology at the University of 
Texas in Austin. 

Ants evolved from wasps, 
so it was long assumed 
that any living ancestral 
species would be wasp-like 
and similar to a Cretaceous 
ant fossil discovered in the 
1960s by Wilson and his 
colleagues. But Martialis 
stunned entomologists by 
looking completely different 
— genetic analysis confirms 
that it doesn't fit into the 
known taxonomy of ants 
(C. Rabeling et al. Proc. Nat! 
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Acad. Sci. USA doi:10.1073/ 
pnas.0806187105; 2008). It 
has long, delicate mouthparts, 
for munching soft 
invertebrates perhaps. And, 
compared with its sturdy front 
legs, the rear two sets are thin 
and spindly (the three other 
legs in the specimen shown 
were lopped off for DNA 
analysis). “It doesn't even look 
like it could walk at all,” says 
Brian Fisher, an ant expert 
and curator of entomology 

at the California Academy of 
Sciences in San Francisco. 
Amber Dance 
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A longer paper gathers more citations 


Researchers could garner more citations simply 
by making their papers longer, a study seems 
to imply. 

In an analysis of 30,027 peer-reviewed 
papers published between 2000 and 2004 in 
top astronomy journals, astronomer Krzysztof 
Stanek of Ohio State University in Columbus 
found that the median number 


headquarters in Germany, who recently 
conducted a similar analysis and found the same 
results but didn’t publish them. “I expected that 
shorter papers would be cited more than longer 
ones,’ he says. “I assumed that people don't have 

the time to read long papers.” 
Papers of about 4 pages — the length 
of Letters in Astrophysical 


of citations increases with the "There is definitely Journal and Astronomy and 
nae of the paper —from toomuchobsession Astrophysics, eae 
just 6 for papers of 2-3 pages to . os ae summaries of work that is usu- 
about 50 for 50-page papers’. with citations and ally published in more detail 

There is, however, a limit to other indices. later — fare better than papers 


the benefits of size: citations 
start to tail off when papers reach lengths of 
80 pages or so, perhaps because fewer people 
have the stamina to read them. 

It is unexpected, says astronomer Jérg 
Dietrich of the European Southern Observatory 


5-10 pages long. But brevity 
offers no such benefit for papers in the other 
two journals considered, Astronomical Journal 
and Monthly Notices of the Royal Astronomical 
Society, which do not have Letters. 

Stanek says he can’t explain the length effect. 


Dietrich thinks that longer papers are more 
useful because on average they contain more 
information. But he suspects that such papers 
are often not read in their entirety. A study of 
the propagation of citation errors has revealed 
that citations are often simply copied without 
being read’, 

Stanek does not intend to submit his study 
to ajournal (although he encourages readers to 
“feel free to cite it as often as possible”). But it 
follows other recent investigations of citation 
statistics in astronomy*’, which looked at the 
effects of placing papers on the preprint server 
http://arxiv.org. On average this doubles the 
number of citations received’, and Dietrich 
found that the timing of posting, and thus the 
paper’s position in the mailing list, also had an 
important effect’. 

This apparent potential to rig citations 


Gene chips unmask cryptic 


People with diverse symptoms including mental 
retardation, small head size, heart problems 
and cataracts have genomic rearrangements on 
the same region of chromosome 1, researchers 
reported last week. 

A team led by genome scientist Evan Eichler 
at the University of Washington in Seattle 
linked deletions and duplications in a region of 
chromosome 1 that is 1.35 million DNA bases 
long to the abnormalities and cases of 
autism and learning difficulties’. Two 
studies published in July linked the same 
genomic region to schizophrenia””. 

The findings are just the latest in 
a spate of studies using microarrays, 
which measure genetic make-up 
and activity, to identify small DNA 
defects in patients with complex 
disorders. Doctors are already using 
the technique to diagnose genetic 
causes of unexplained developmental 
conditions after clinical tests have 
proven inconclusive, making microarray 
tests an early clinical success story in 
the genomic revolution. 

“The technology is moving rapidly 
from research to clinical labs, and what's 
research information today is becoming 
part of our clinical practice tomorrow,” 
says David Ledbetter, an expert in 
chromosomal abnormalities at Emory 
University in Atlanta, Georgia. 
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Microarrays are glass slides embedded 
with fragments of DNA selected from entire 
genomes. Scientists can detect abnormalities 
ina patient's DNA — suchas losses or gains of 
hundreds or a thousand bases — by comparing 
it with the normal material on the microarray. 
These deletions or duplications, also called 
copy-number changes, can change the dosage of 
a gene. They were invisible to older techniques 
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Microarrays are an early genomic success story — the technology is 
already being used in the clinic. 
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diseases 


suchas karyotype analysis and fluorescence 
in situ hybridization, both of which involve 
examining whole chromosomes. 

Over the past two years, microarray-based 
DNA comparisons have become routine in clinics 
around the world. Microarray supplier Agilent, 
based in Santa Clara, California, estimates that 
the worldwide market in this form of microarray 
analysis approaches US$200 million and is 
growing rapidly. 

But a new appreciation of the amount 
of genetic variation found in healthy 
people means it can be difficult to tell 
whether a particular change is causing a 
patient's symptoms. 

In Eichler's study, for example, eight 
patients had spontaneous deletions 
in the chromosome 1 region, but nine 
patients inherited their abnormalities 
from a parent, some of whom showed 
no symptoms. It's not clear how 
rearrangements in the region, which 
contains nine genes, cause the many 
symptoms seen in the study. 

Such findings complicate the 
use of microarray tests in prenatal 
diagnostics, an area that is proceeding 
cautiously. On 1 October, doctors 
will begin enrolling 4,000 patients 
in a study funded by the US National 
Institute of Child Health and Human 
Development in Bethesda, Maryland, to 
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simply by adjusting a paper's size, place and 
timing of exposure sounds worrying at a time 
when citation statistics are increasingly being 
used, both formally and informally, as indica- 
tors of performance. Stanek 

points out that the ‘h index”, 

a measure of the cumulative 

impact of a researcher's pub- 

lished output, has become a 

fetish among some scientists. 

“You will become obsessed with 

it” he advises young scientists in 

his paper, and will start “telling other astrono- 
mers that your h is bigger than their h”. 

“There is definitely too much obsession with 
citations and other indices,’ Stanek says. This is 
partly because they are easy to calculate regard- 
less of whether they actually mean very much. 
But he confesses to using them himself. 

Stanek treats his results semi-humorously, 
using them with earlier studies to draw up a 
set of guidelines for how graduate students 


compare microarray-based tests with traditional 
prenatal diagnosis techniques. 

Scientists worldwide are trying to decrease 
uncertainty by pooling their samples in 
databases of copy-number aberrations, 
including Canada's Database of Genomic 
Variants, DECIPHER in the United Kingdom, 
and the European Union-funded ECARUCA. 
The databases help scientists link rare DNA 
changes to conditions ranging from autism and 
schizophrenia to kidney disease. 

Eventually, scientists and doctors hope to 
understand why changes in gene copy number 
cause disease. But Eichler warns that this will 
require studies with perhaps tens of thousands 
of patients, as well as consultations with patients 
and their families for follow-up analyses, 
something that isn't part of most large genome- 
wide association studies today. 

It will also require US geneticists to 
share samples as freely as their European 
colleagues, says Eichler, who is grateful to his 
European collaborators, but laments his US 
colleagues’ reluctance to pool their resources 
ona large scale. Ledbetter is trying to coax US 
geneticists to share with the help of a grant 
from the American College of Medical Genetics 
Foundation in Rockville, Maryland. Eichler hopes 
the plan will succeed: “We are going to needa 
sea change.” 

Erika Check Hayden 


1. Mefford, H. C. et al. New Engl. J. Med. Advance online 
publication doi:10.1056/NEJMoa0805384 (2008). 

2. Stefansson, H. etal. Nature 455, 232-236 (2008). 

3. International Schizophrenia Consortium Nature 455, 
237-241 (2008). 


might manage their publications and citations 

to greatest advantage as their careers progress. 

“Make sure you submit your papers to [Arxiv] 

just after 4 p.m. US Eastern time on Wednes- 

day,” he suggests, for example. 

But his study highlights 

some important questions. 

One is whether — in the face 

of new dissemination chan- 

nels such as preprint servers 

and an increased sensitivity to 

citation indices — it is realistic 

to regard citations as an accurate measure of 
achievement. 

Another question is how long a paper ought 
to be. If length really does matter, will that 
encourage researchers simply to inflate their 
results unnecessarily? Many of the greatest past 
discoveries, such as the structure of DNA, were 
reported extremely concisely. “Most astronomi- 
cal publications in the nineteenth century were 
very short observation reports, a few paragraphs 
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at most,’ says Dietrich. But Stanek has no prob- 
lem with length, saying that he prefers papers to 
“be as self-contained as possible — and I have 
seen a lot of short papers that are not’. 

Yet Dietrich thinks the risk of encouraging 
people to inflate their papers with waffle is 
small. “Writing a bloated paper is considerably 
more work, and incurs the risk of diluting an 
interesting work to the point that readers don't 
find the interesting aspects. Also, referees and 
editors are usually very critical of bloat. The 
best tactic is still to write a good paper, and a 
bloated paper is not a good paper.” 

Philip Ball 


1. Stanek, K. Z. Preprint at http://arxiv.org/abs/0809.0692 
(2008). 

2. Simkin, M. V. & Roychowdhury, V. P. Complex Syst. 14, 269 
(2003). 

3. Schwarz, G. J. & Kennicutt, R. C. Jr Preprint at http://arxiv. 
org/abs/astro-ph/0411275 (2004). 

4. Dietrich, J. P. Preprint at http://arxiv.org/abs/0712.1037 
(2007). 

5. Hirsch, J. E. Proc. Nat! Acad. Sci. USA 102, 16569-16572 
(2005). 


This pale-yellow, eyeless 
creature is so bizarre that 
naturalist E. O. Wilson 
named it “the ant from 
Mars”. Martialis heureka, 
a native of the Brazilian 
Amazon, is the founding 
member of anew subfamily 
of ants, which split off from 
the ant family tree early in its 
evolution. 

“It could represent a relict 
species that retained some 
ancestral morphological 


characteristics,” says 
discoverer Christian 
Rabeling, a graduate 


student in integrative 
biology at the University of 
Texas in Austin. 

Ants evolved from wasps, 
so it was long assumed 
that any living ancestral 
species would be wasp-like 
and similar to a Cretaceous 
ant fossil discovered in the 
1960s by Wilson and his 
colleagues. But Martialis 
stunned entomologists by 
looking completely different 
— genetic analysis confirms 
that it doesn't fit into the 
known taxonomy of ants 
(C. Rabeling et al. Proc. Nat! 
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Acad. Sci. USA doi:10.1073/ 
pnas.0806187105; 2008). It 
has long, delicate mouthparts, 
for munching soft 
invertebrates perhaps. And, 
compared with its sturdy front 
legs, the rear two sets are thin 
and spindly (the three other 
legs in the specimen shown 
were lopped off for DNA 
analysis). “It doesn't even look 
like it could walk at all,” says 
Brian Fisher, an ant expert 
and curator of entomology 

at the California Academy of 
Sciences in San Francisco. 
Amber Dance 
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Virgo's vacuum failure 
stalls gravity-wave hunt 


The Virgo gravity-wave interferometer, 
an €80-million (US$114-million) 
experiment located near Pisa, Italy, has been 
incapacitated by a vacuum failure for most 
of the summer and is expected to stay out of 
commission for another few months. 
During a test on 9 May a glass viewport 
in the L-shaped detector shattered, 
sending shards of glass into one of the 
laser-reflecting mirrors and its ancillary 
instrumentation. The mirror was damaged 
beyond repair and is being replaced. 
The team has decided to replace all 
100 viewports to avoid another failure. 
Francesco Fidecaro, Virgo’s spokesman, 
who is a physicist at the University of Pisa, 
says the original viewports might not 
have been “appropriate” for the operating 
conditions. Physicists believe that it was not 
the vacuum itself but the vibrations created 
by the pumps that caused the port to fail. 
They are confident that the new viewports 
will not fail in the same way. 


For a longer version of this story, see http://tinyurl. 


com/5dfzug 


Fossil hunter accused 
of stealing dinosaur 


A high-profile fossil collector from 
Montana will go to court on 23 September 
for allegedly stealing a US$400,000 raptor 
specimen from private land. 

Nate Murphy, a former curator of 
palaeontology at the Phillips County 
Museum in Malta, was charged last 
week with the theft ofa fox-sized raptor, 
nicknamed ‘Sid Vicious, from the 
77-million-year-old Judith River 
Formation. State and federal agents began 
a probe in spring 2007 after authorities 
heard of a possible misappropriation 
from participants in Murphy’s collecting 
business, the Judith River Dinosaur 
Institute, now in Billings, Montana. 


Dinosaur collector Nate Murphy. 
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Bisphenol A exposure may 
pose disease risk 


High levels of bisphenol A, a chemical found 
in some food and drinks containers, may be 
associated with an increased risk of cardiovasc 
disease and diabetes. 

An epidemiological analysis of 1,455 adults in t 
United States, published this week (I. A. Lang et al. 
J. Am. Med. Assoc. 300, 1303-1310; 2008), is the 
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first to find a link between bisphenol A and disease in 
humans. The results are likely to fuel further debate ove 
whether the chemical should be banned, but the auth@rs 


caution that the study must first be replicated. 


Earlier this year, the US National Toxicology Progr 
expressed “some concern” about the possible imp. = 


the compound on fetuses, infants and children. 


act of 


Ina draft report released in August, the US Food and Drug 
Administration stated that “food contact” products contair 
bisphenol A are safe. The agency has said it will continue 


to review the compound as more data become available. 


On 14 September, Murphy and another 
dinosaur he helped to collect — ‘Leonardo, 
a mummified hadrosaur with skin and 
organs — were featured in a Discovery 
Channel film on US television. 


Blandford to lead next 
decadal astronomy survey 


The US National Academies have appointed 
Roger Blandford to chair the next decadal 
survey in astronomy, starting a two-year 
process that culminates in a priority list of 
astronomy projects for the next ten years 
(see Nature 443, 386-389; 2006). 

Blandford, director of the Kavli Institute 
for Particle Astrophysics and Cosmology 
at Stanford University in California, will 
assemble a committee of about 20 people. 
They will gather input from hundreds 
of panel members into a final report and 
wish-list, expected by mid-2010. NASA, the 
National Science Foundation and Congress 
often cite the report in setting science 
budgets. 

But the last survey, in 2001, was over- 
ambitious in recommending seven major 
projects. Cost overruns mean that none 
of them will be finished this decade. That 
survey’s highest priority, the $4.5-billion 
James Webb Space Telescope, is due for 
launch in 2013. 

For a longer version of this story, see http://tinyurl. 
com/6hebqn 


US health agency gets 
creative with grants 


The National Institutes of Health (NIH) 
plans to spend more than $250 million over 
the next five years to inject a mega-dose of 
creativity into its basic grants. 

Beginning with funding of $25 million 
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in 2009, conventional RO1 grants will be 
supplemented by ‘transformational’ awards, 
or T-RO1s. The agency will test new peer- 
review approaches to pick out “bold and 
groundbreaking” proposals that “reflect 

an exceptional level of creativity” and may 
“promote radical changes” in a field, the 
NIH said last week. 

Investigators working in any NIH-funded 
discipline can apply for the grants. The 
agency says that areas of creative need 
include the science of behaviour change; 
protein capture; functional variation in 
mitochondria; complex three-dimensional 
tissue models; and pharmacogenomics. 


Court fines entomologists 
for illegal collecting in India 


The case of two Czech entomologists 
arrested in India took a further turn last 
week when a court in Darjeeling sentenced 
Emil Kuéera to three years in prison, plus 

a 60,000-rupee (US$1,300) fine, under 

the country’s Wildlife Act and Biological 
Diversity Act. His colleague, Petr Svacha of 
the Institute of Entomology of the Academy 
of Sciences of the Czech Republic in Céské 
Budéjovice, was fined 20,000 rupees. 

The pair have been held in India since 
22 June for collecting butterflies from a 
national park without a permit. Kuéera 
has been given bail and plans to appeal; 
Svacha is staying in India to help Kuéera’s 
legal fight. 

“This case points to the need for revision 
of India’s conservation legislation,’ says 
Priyadarsanan Dharma Rajan, a taxonomist 
with the Ashoka Trust for Research in 
Ecology and the Environment in Bangalore. 
“There are no cases of any insect gone 
extinct due to collection. Threats to insects 
come from pesticides poured into our fields 
and habitat loss due to land-use changes.” 
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The heart of the wood 


BiatowieZa is one of the best-preserved woodlands in Europe. But is it a good reference point for 
what Europe looked like 5,000 years ago? Emma Marris goes deep into the forest to find out. 


n dappled light, the trunks of lindens, Norway spruces, 

and oaks prise the undergrowth and the canopy apart. 

Quite a few are dead, and draped with beards of moss. 

Birds sing in the cool, green-smelling air. It is very still, 
and at first feels almost timeless. But time is here — time 
past and time present. Hornbeam limbs, once weighed 
down with snow, are still bowed at oblique angles in the 
summer. Red deer bones on the ground mark an old kill; 
saplings clamber like children on the body of their recently 
fallen parent. As the wind ruffles the canopy, patches of 
sun traipse to and fro on the forest floor. Fat, desultory 
mosquitoes drift through the air. 

Behind a shrub stands a European bison, or wisent, in 
the prime of his life, with curled black horns, a high woolly 
shoulder and a ridged backbone. He is browsing noiselessly. 
Ina few minutes he will glide away as noiselessly as if he 
were slipping back 1,000 years to when his kind roamed 
forests like these over most of Europe. 

The Biatowieza forest in eastern Poland is a place apart, 
and of the past. Grey wolves hunt red deer; woodpeckers 
— all ten of Europe's species live here — hunt for beetles in 
500-year-old oaks; stripy young boar splash through alder 
bogs blooming with yellow irises. The forest spreads over 
some 146,000 hectares in Poland and Belarus, various parts 
of it are managed in various ways, and have been cleared 
at various times. But it is said that the 4,438 hectares at its 
Polish core have never been cleared. Many of the forest’s 
ecological processes have run uninterrupted since the last 
ice age, and the trees have never been selected for wood that 
can be sawn into long, knotless boards. It is thus a reference 
point, showing how humans have changed forest composi- 
tion and processes elsewhere. It is a model for sylvicultural- 
ists interested in conservation — or in commerce, as tree 
plantations that mimic nature may produce more wood. 

The University of Warsaw’s Geobotanical Station and the 
Polish Academy of Sciences’ Mammal Research Institute, 
both in Bialowieza village, study the surrounding forest to 
get an idea of how things once were. The Mammal Research 
Institute is most famous for the discovery by one of its staff 
of the Dehnel effect, in which shrews actually shrink their 
skeletons to cope with reduced food supply in winter. The 
forest is indubitably a good place to study species in condi- 
tions most like those to which they were adapted. Ornithol- 
ogists, in particular, love the forest and have noted that bird 
life there is diverse, but not dense; the reverse of what’s seen 
in agricultural landscapes. But to what extent is Bialowieza, 
as often claimed, Europe’ last primeval broadleaf forest? 

In his 1996 book Natural Woodland (Cambridge Univ. 
Press), the British naturalist George Peterken defines three 
types of naturalness. He contrasts “original-naturalness” 
— “the state which existed before people became a signifi- 
cant ecological factor” — with “present-naturalness’, “the 
state which would prevail now if people had not become 
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a significant factor”. To see the difference, remember that 
forests are constantly shaped by fire and storm. In the clear- 
ing, seedlings compete for light. Trees fill in the gaps. Soil 
is depleted and fertilized; climate alters. A forest that has 
travelled thousands of years down a human-free road will 
change on the way, as original-naturalness becomes present- 
naturalness. And both are distinct from “future-natural- 
ness’, “the state which would eventually develop if people’s 
influence were completely and permanently removed”. 

Few environmentalists have adopted Peterken’s distinc- 
tions. They prefer terms such as ‘virgin’ and ‘old growth for- 
ests, seeing the human factor as more crucial than any other. 
The problem with this, Peterken notes, is that ifhuman use 
is taken in its broadest sense — not just logging — there 
is no more virgin forest in North America than there is in 
Europe. Native Americans managed their woodlands for 
game and maintained open spaces using fire. 


Royal playground 

Bialowieza cannot aspire to present-naturalness. It owes 
its existence to the Lithuanian dukes, Polish kings, Rus- 
sian tsars and German Nazis who kept it to themselves for 
hunting, first to feed their armies, later for sport. The for- 
est ungulates were fed winter hay. Competing predators 
were killed; there are no more bears in Bialowieza. The 
European mink that once flourished are also gone, their 
place now taken — apparently without much ecological 
disruption — by Asian raccoon dogs and American mink 
escaped from fur farms. Before they went extinct in the 
early seventeenth century, aurochs, the ancestor to domes- 
tic cattle, probably shared the forest with wisent and red 
and roe deer. An unknown poacher shot the forest’s last 
wild bison in April 1919; today’s are descended from 13 zoo 
bison, the descendants of which were reintroduced into the 
wild in the 1950s. 

This history of intervention makes the forest’s ecology 
hard to read. Take the recent reduction in Norway spruce. 
Their share of the woodland, says Bogdan Jaroszewicz, head 
of the Geobotanical Station, has halved since 1950. Some 
believe the spruce trees are disappearing because of climate 
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change; the parkis at the southern limit of the spruce’s range. 
Others blame the spruce bark beetle, although its effects 
may be synergistic with, not alternative to, those of climate 
change. But Jaroszewicz points out that a century ago Rus- 
sian royalty were breeding so much game in the woods that 
very few saplings survived to maturity. “There was almost 
no regeneration,’ he says. This intense browsing might have 
had a greater impact on seedlings more succulent than those 
of spruce. No one can guess whether the spruce would be 
declining without previous human intervention. 

What then of the possibility of original-naturalness — 
the primeval state preserved? This is certainly the pitch of 
Bialowieza’s growing tourist trade. Definitions of ‘natural’ 
or ‘pristine’ or ‘primeval’ forest typically include trees of 
many different ages coexisting and the presence of marker 
species dependent on old or dead wood — often mosses, 
lichens and fungi. Bialowieza has all these characteristics. 
Trees age, die and rot where they fall, fuelling the life cycles 
of innumerable beetles, fungi, woodpeckers and, eventu- 
ally, the next generation of trees. In Bialowieza’s core up to 
one quarter, by volume, of the wood above ground in each 
hectare is dead, compared with 2% in commercial stands. 


Strange forces 

People have interacted with Bialowieza for millennia, but 
not necessarily as agents of change — their needs remained 
constant. Hunting has affected the numbers of large ani- 
mals, but pollen records suggest that in terms of the species 
that make up the forest's main constituents, Bialowieza has 
stayed fairly constant for millennia. Tomasz Samojlik, who 
grew up near the forest, has returned to study its environ- 
mental history at the Polish Academy of Sciences’ Mammal 
Research Institute in Bialowieza village. He has investigated 
royal hunts, beekeeping in trees, ore-smelting operations 
deep in the forest, and more. “After five or six years I have 
come to the conclusion that humans have always been con- 
nected to the forest,’ he says. For humans, he adds, the for- 
est could be a matter of life and death: “They were part of it 
and could be killed by it easily.” But for the forest, humans 
were one factor among many — they shaped it in some 
ways, left it alone in others, and were no threat to it at all. 

That was then. “Now we are some strange force from an 
outside world, says Samojlik. All concerned want to limit 
that force's impact. The humans who now manage Bialowieza 
struggle to do so in a way that leaves no fingerprints, aspir- 
ing, in Peterken’s terms, to something close to the future-nat- 
ural. Tourists may enter only when accompanied by guides. 
A fence, built in the 1930s to exclude domestic animals, now 
stands as a barrier between the domains of humans and the 
woods. Passing through sunny fields to reach a shaded gate 
into the forest, researchers mark the separation of realms by 
anointing themselves with mosquito repellent. 

But future-natural takes more than a fence. The Geo- 
botanical Station’s records show rum goings-on over the 
past 50 years that look like the work of climate: plants 
flowering earlier, changes in annual distribution of pre- 
cipitation, changes in snowmelt timing. In a world where 
today’s saplings will experience an atmosphere containing 
twice as much carbon dioxide as their parents’ generation, 
a human-free future-naturalness is not an option. 

A local approximation to future-naturalness may 
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Today there is virtually no 
management intervention in the 
Polish core of Biatowieza. But 

the Parks Department, foresters 
and scientists disagree on how 

to manage the rest of the forest. 
The Parks Department intervenes 
more than the researchers at 

the Mammal Institute would 
recommend, feeding the bison in 


without winter feeding,” he says, 
“and | think densities could be 
higher.” Matgorzata Karas, director 
of Biatowieza National Park 
disagrees, saying that the culling 
is done “according to the habitat 
capacity”. 

Kowalczyk thinks this habitat 
capacity is arbitrary. “There was 
a meeting in the 1960s and they 


came up with 250 bison,” he 
says. “It was anumber taken from 
heaven.” But foresters worry that 
more bison — the target is now 
300 — would damage trees and 
prevent regeneration in parts of the 
forest used for timber. 

Bogumita Jedrzejewska, who 
joined the mammal institute in 
1985, says that communication 


between various parties has 
improved as foresters and local 
people see the value of the natural 
forest — usually expressed in 
tourist revenue. “Biatowieza 
changed its opinion,” she says. 
“And the attitude of foresters 

has changed very much. It has 
become unpopular to focus only 
on timber protection.” But some 


winter, for example, and culling 
them in summer. 

“Most managers believe there 
are too many bison,” says Rafal 
Kowalczyk of the Mammal Insitute 
as he races a truck down a forest 
road in pursuit of the signal from 
a radio-collared bison. (Over 
short distances he can track his 
charges by smell: “Not asmell as 
strong as wild boar or red deer. A 
bit like cattle; the smell of fresh 
milk.”) Kowalczyk wants to stop 
culling and reduce winter feeding. 
“They survived for 1,000 years 


sometimes be possible. Unfortunately, though, Bialowieza 
faces a further handicap in this regard. To deal with change, 
an ecosystem needs space — to provide refuges for the spe- 
cies that will recolonize fire and wind clearings, room for 
ranges to change, and so on. Bialowieza is quite small — only 
big enough, for example, for the 100-square-kilometre range 
ofa single male lynx. “We have three or four, because ranges 
overlap, but hardly enough to sustain a population,” says 
Jaroszewicz. The minimum size of a functioning forest prob- 
ably varies greatly, but a calculation for Canadian boreal for- 
est suggested about 650,000 hectares as the minimum size 
(S. J. Leroux et al. Biol. Conserv. 138, 464-473; 2007). 


Here and now 

But if neither present-natural nor original-natural, and with 
poor odds for becoming future-natural, Bialowieza is still 
the best we have. For researchers looking for a proxy for 
European forests unchanged by modern man, Bialowieza 
is a starting point; they still have to comb out the possible 
effects of human activity; to sort through tangled puzzles 
such as the spruce decline; to account for the small size of 
the forest and the changes in megafauna; and to race against 
the clock as climate change rearranges relationships. 

In the end, it is the biological relationships which con- 
stitute the forest that are important to the science of ecol- 
ogy, not what history says about ‘touched’ and ‘untouched. 
History is uncertain: easily lost, written by victors, dispro- 
portionately concerned with the urban rich. Biology is avail- 
able now, changing but measurable, and Biatowieza has it 
in abundance. “Even if we estimate that 5,000 papers have 
been written about it, we still only know a little about it? says 
Jaroszewicz. “We still don’t know what it will be in 100 years.” 
The number of species, the complex interactions researchers 
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habits die hard. “Foresters,” says 
Jedrzejewska, “believe that the 
forest wouldn't survive without 
their intervention, and the main 
intervention is through the axe.” 
What unites the Poles is 
suspicion of their neighbours. 
Belarusian president Alexander 
Lukashenko, has, says 
Jedrzejewska, carved a hideaway 
out of his country’s part of the 
forest, complete with rollerblading 
path. “Formally it is protected,” 
says Jedrzejewska. “In reality it is 
logged.” E.M. 


track from year to year, and the individual trees, among the 
oldest and tallest in Europe, have a value beyond any ques- 
tion of whether they have been interfered with or not. 

Wonder — formalized in science and experienced 
directly — trumps purity when it comes to feeling natural. 
Bialowieza has long been human — but in a special and 
timeless way. Once, Samojlik found a sickle knife dropped 
by a previous visitor to the wood lying just under the tan- 
gled grass; it had been there for 1,500 years. Moss-hung and 
teeming with life, Biatowieza retains one of the essential 
features of the European forest, at least as popularly imag- 
ined. It is still profoundly mysterious, even if it is no longer 
trackless or boundless. a 
Emma Marris writes for Nature from Columbia, Missouri. 
See Editorial, page 263. 
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h my gosh,” says Massimo 
Pigliucci, “maybe I shouldn't 
use that term.” Pigliucci, 
responding to comments on his 
talk about how living things respond to their 
environment, and what it means for evolution, 
has just let slip the p-word. Later the same day, 
Giinter Wagner, an evolutionary theorist at 
Yale University in New Haven, Connecticut, 
puts up a slide bearing the words ‘Postmod- 
ern Synthesis. Pigliucci is moved to make an 
editorial suggestion from the floor: “Td really 
rather we didn't use that term.” Wagner says 
the slide was intended to be tongue-in-cheek, 
but Pigliucci is worried about the impression 
the word creates: “If there’s one thing we don't 
want, it’s for people to get the idea that there’s a 
bunch of evolutionary theories out there, and 
that they’re all equal” 

A lot of scientists loathe what they take to 
be postmodernism’ intellectual relativism, 
and shy away from using the word. But doing 
so puts Pigliucci in something of a bind. An 
evolutionary ecologist at the State University 
of New York in Stony Brook, Pigliucci is one 
of the conveners of this small meeting on the 
future of evolutionary thought taking place 
at the Konrad Lorenz Institute for Evolution 
and Cognition Research in Altenberg, Aus- 
tria. The meeting has received a fair amount of 
hype — in the blogosphere it was dubbed “The 
Woodstock of Evolution. Its agenda is, pretty 
explicitly, to go beyond the ‘modern synthesis’ 
that has held sway in evolutionary theory since 


// 


Postmodern evolution? 


Seg ene ee 


This summer a group of high-profile researchers met in 
Altenberg, Austria, to try and plot the future course of 
evolutionary theory. John Whitfield was there. 


the middle of the twentieth century. And in 
everyday speech, it is pretty clear what comes 
after the modern. 

What’s more, some of this work sounds 
as though it fits the term quite nicely. Over 
dinner at the meeting's end, Pigliucci expresses 
his hope of “moving from a gene-centric view 
of causality in evolution to a pluralist, multi- 
level causality”. Postmodernists in the humani- 
ties call this ‘decentering’ and they are all for it. 
Over the course of the meeting, 
it’s fairly clear that the means 
to this pluralist end are being 
sought through mixing and 
matching neglected ideas and 
old problems from biology’s 
past with the latest experimen- 
tal and analytical techniques. 
Apply that sort of bricolage to 
architecture and you get the 
sort of brutalist-right-angle 
here, classical-column-there, 
swirling-titanium-ceiling-above-it-all look 
that is normally pigeonholed, for better or 
worse, as postmodern. 


Evolution of ideas 

Leaving aside the troublesome adjective, what 
is the modernism that the Altenburg meeting 
is meant to move beyond — or to use Pigliuc- 
ci’s preferred term, ‘extend’’? Between about 
1920 and 1940, researchers such as the Ameri- 
can Sewall Wright and the Englishmen Ron- 
ald Fisher and J. B. S. Haldane took Charles 
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“The modern 
synthesis is good 
at modelling the 


survival of the 
fittest, but not the 
arrival of the fittest.” 
— Scott Gilbert 


Darwin's ideas about natural selection and Gre- 
gor Mendel’ insights into how traits pass from 
parents to offspring — which many biologists 
of the time believed antithetical — and fused 
them into a mathematical description of the 
genetic makeup of populations and how it 
changes. That fusion was the modern synthesis. 
It treats an organisms form, or phenotype, asa 
readout of its hereditary information, or geno- 
type. Change is explained as one version of a 
gene being replaced by another. 
Natural selection acts by chang- 
ing the frequency of genes in 
the next generation according 
to the fitness of phenotypes in 
this one. In this world view, the 
gene is a black box, its relation- 
ship to phenotype is a one-way 
street, and the environment, 
both cellular and external, is a 
selective filter imposed on the 
readout of the genes, rather 
than something that can influence an organ- 
ism’s form directly. 

What’s wrong with this picture, say the 
would-be extenders at Altenberg and else- 
where, is what it leaves out. Molecular biol- 
ogy, cell biology and genomics have provided 
a much richer picture of how genotypes make 
phenotypes. The extenders claim that enough 
insights have now come from this and other 
research for it to be time to re-examine prob- 
lems that the modern synthesis doesn't address. 
These problems include some of the key turning 
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Modern synthesists: (left to right) J. B. S. Haldane, Sewall Wright and Ronald Fischer. 


points in evolution: the patterns and changes 
seen in the fossil record as new branches spring 
from the tree of life and new anatomies — skel- 
etons, limbs, brains — come into being. “When 
the public thinks about evolution, they think 
about the origin of wings and the invasion of 
the land,’ says Graham Budd, a palaeobiologist 
at the University of Uppsala, Sweden. “But these 
are things that evolutionary theory has told us 
little about” 


Bring on the kangaroos 
The question of how form changes in individu- 
als is the province of developmental biology, and 
genetic studies have now revealed a lot about 
how the mechanisms of development have 
evolved. Many see the evolutionary develop- 
mental biology — ‘evo-devo — that is emerging 
from this work as the key ingredient needed to 
extend or surpass the modern synthesis. 

“Evolution needs a theory of body con- 
struction and change, as well as population 
construction and change,” says Scott Gilbert, 
an evo-devo researcher at Swarthmore College 
in Pennsylvania, who was not in Altenberg but 
who is writing a book on extending the evo- 
lutionary synthesis in similar directions. “The 
modern synthesis is remarkably good at mod- 
elling the survival of the fittest, but not good at 
modelling the arrival of the fittest” To explain 
the production of novel features, such as limbs 
and feathers, Gilbert and like-minded biolo- 
gists want a theory in which the environment 
is defined broadly enough to include the devel- 
oping body, which is the primary context in 
which the genes are expressed. Genes shape 
this developing environment, but the dynamic 
environment also shapes the expression of the 
genes. And it does so directly, rather than 
through some later selection. “The gene will 
continue to be centre stage,” says Gilbert, “but 
it will be seen as both active and acted upon. It’s 
not going to be the unmoved mover.” 

The importance of the environment acting 
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on the genome can be seen in plasticity, the 
ability of the same genes to give rise to radically 
different phenotypes in different conditions 
—as studied by several of the Altenberg group. 
Pigliucci, who works on invasive plant species, 
gave the example of species that lie low in anew 
environment for several years before becoming 
a problem. He puts this down to plasticity and 
the Baldwin effect. In 1896 James Baldwin, an 
American psychologist, suggested that over 
the generations, tricks that at first have to be 
learned can become hard-wired as genes fix 
variations caused by the environment. “It could 
be that the plants arrive in a new environment 
and hang on thanks to plasticity — it gains time 
for natural selection to kick in,’ says Pigliucci. 
To begin with, the genes follow adaptation 
rather than leading it, as “bookkeepers of 
what's happening” Once the genes have caught 
up, and the immigrant can take adaptation to 
the environmentas read, it is able to become 
dominant. 

Plasticity also allows organ- 
isms to make the most of their 
mutations. “The myopic view 
— that we don’t need to worry 
about phenotypic variation, that 
it is abundant, always small and 
that it goes in all possible direc- 
tions — doesn't correspond to 
the conservation we've seen in 
developmental systems,’ Marc 
Kirschner, a systems biologist 
at Harvard University in Cam- 
bridge, Massachusetts, told the 
Altenberg meeting. To growa 
limb you don’t need mutations 
in every gene involved in limb 
building; life can use the facts 
that muscle cells naturally align 
with bone, nerve cells stabilize 
when they plug into muscles, 
and blood vessels grow towards 
areas low in oxygen to leverage 
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“Our way of 
looking at evolution 
counters genetic 
determinism 

and its political 
implications.” 

— Eva Jablonka 


a small genetic change into an important differ- 
ence. Again, the changing environment within 
the developing body is part of the process by 
which the gene is expressed: Kirschner calls it 
facilitated variation’. 

As an example, he points to the discovery 
that the narrow, tweezer-like beak of an insect- 
eating finch can become the fat, nutcracking 
beak of a seed-eater by increasing the activity 
ofa single gene involved in bone formation’. 
“Because developmental systems are so inte- 
grated and self-regulating, you can make a 
large functional change without a large genetic 
change,’ says Kirschner. Pigliucci gave a more 
speculative example of the possible evolution- 
ary consequences of such changes, showing a 
slide juxtaposing a kangaroo and a dog that 
had been born without forelimbs but learnt to 
walk on its hind legs. “It’s hard to imagine that 
this kind of change doesn't have anything to 
do with the evolution of bipedalism,” he told 
the meeting. 


Self-organizing cells 
Pigliucci and Kirschner think that the capacity 
of small genetic changes to trigger large shifts 
results in waves of innovation separated by 
seeming lulls in which evolution stablizes and 
integrates the new arrangements. This matches 
some aspects of the fossil record, where bursts 
of innovation and diversification are inter- 
spersed by much longer periods of stasis — a 
pattern known as punctuated equilibrium, 
first described by the late Stephen Jay Gould 
and Niles Eldredge of the American Museum 
of Natural History in the 1970s. Gilbert, who 
studies turtles, sees something similar: “Turtle 
biologists joke that one Tuesday in the late Tri- 
assic there werent any turtles, 
and by the weekend the world 
was full of turtles. One reason 
why might be that it’s not all 
that hard to make a shell — all 
the genes are probably there 
already, and it doesn't take 
many changes to get a shell.” 
Stuart Newman, a devel- 
opmental biologist at New 
York Medical College, takes 
such ideas further than most, 
arguing that the abilities that 
cells have to self-organize into 
complex structures can lead 
to major evolutionary inno- 
vations such as the origin of 
the vertebrate limb — a prob- 
lem on which he collaborates 
with Altenberg’s other organ- 
izer, evo-devo researcher 
Gerd Muller of the University 
of Vienna, Austria* — with 
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The Altenberg Sixteen at the Konrad Lorenz Institute for Evolution and Cognition Research. 


perhaps little or no genetic change. “You can't 
deny the force of selection in genetic evolution,” 
says Newman, “but in my view this is stabiliz- 
ing and fine-tuning forms that originate due to 
other processes.” 

The same process might have given rise to 
animals themselves. The further you turn back 
the clock through geological time, Newman 
believes, the weaker genetic regulation of devel- 
opment becomes relative to plasticity and self- 
organization. The development of the most basic 
features of multicellular organisms some 600 
million years ago, in the late Proterozoic, might 
have been the rapid and spontaneous result of 
molecules already present on unicellular organ- 
isms doing new jobs when cells stick together’. 
“You dont need incremental change under 
gradual selection regimes to get attributes such 
as segmented, hollow or multilayered bodies,” 
says Newman. “You can get it all with thermo- 
dynamics and self-organization.” 

The problem is testing such ideas. Newman 
suggests that knocking out the genes that sta- 
bilize development in model laboratory organ- 
isms might provide insights, but extrapolating 
back from modern organisms to their distant 
ancestors is fraught with problems. It is difficult 
to see how such an approach can get beyond 
the theoretical, says Budd, adding that what 
evidence there is weighs against Newman's 
hypothesis. “Clearly there are physical and 
chemical processes that affect cells,” says Budd. 
“But I don’t think there is any evidence at all for 
the idea that development was more permis- 
sive and plastic [in the Proterozoic] and that 


body plans could spontaneously emerge. The 
fossil record shows that body plans appeared 
sequentially ina series of innovations, not ina 
misty way at the bottom of the tree” 

Confusing what can happen and what did 
happen is a common criticism of the ideas 
raised at Altenberg. For example, some lab 
studies lend support to the Baldwin effect: 
experiments with fruitflies show that follow- 
ing up an environmental stress with selective 
breeding can produce animals that show the 
phenotypic response to that stress without 
having experienced it®. But there is little evi- 
dence so far that genetic change 
in wild populations takes this 
course, says Wagner. “The idea 
that environmentally induced 
changes are the path-breaker 
for genetic fixation is an old 
one, but I’m not yet convinced 
that’s how it works in real popu- 
lations,” he says. 

“These notions haven't forced 
us to change the neo-darwinian 
paradigm,’ says Jerry Coyne, an 
evolutionary geneticist at the 
University of Chicago. Coyne 
has little time for “evo-devo- 
tees”’ who think that the dis- 
cipline will cause a revolution 
in biology. Researchers coming 
at evolution from population 
genetics are particularly resist- 
ant to any attempt to displace 
natural selection from the place 
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at the heart of evolutionary theory that the 
modern synthesis provided it with. “The whole 
thing about natural selection being an insuf- 
ficient paradigm seems grossly overblown,’ 
says Coyne. “There are a lot of interesting new 


things coming out that will change our view of 


evolution. But to say the modern synthesis is 
incomplete or fatally flawed is fatuous.” 

And it is worth noting that you can work 
in evo-devo and not subscribe to such ideas. 
Sean Carroll of the University of Wisconsin in 
Madison sees things in terms of bridge-build- 
ing, not replacement. “What did population 
genetics and palaeontology 
have to do with each other for 
the past 80 years? Nothing. The 
modern synthesis describes 
evolution within populations 
— it’s agnostic or silent about 
the cumulative effect of that 
process,’ he says. By revealing 
the genetic basis of develop- 
ment, and showing how genet- 
ics relates to morphology, 
evo-devo “sits right in the mid- 
dle” of the two disciplines, says 
Carroll. 

The true message of evo- 
devo, Carroll says, is that 
developmental processes have 
evolved in a way that allows 
small aspects of form to be 
tweaked without affecting 
the whole organism — some- 
thing which tends to reinforce 
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the modern synthesis’s view 
of evolution as incremental’. 
“Because we can get large effects 
when we manipulate genes in 
development, the spectre that 
these things have happened in 
history is out there,” says Car- 
roll. “But just because we can 
make freaky-looking animals 
in one step, I’m unwilling to say 
that evolution works that way” 
Wagner and his colleagues have 
recently shown that altering 
many genes in mice produces 
only a small effect’, countering 
the idea that most individual 
genes have such a wide-rang- 
ing influence that changing 
them would be fatal. 

The differences of opinion 
suggest that, although evo-devo 
may once have looked as if it 
would unify population genet- 
ics and development, so far it has done more 
to give new voice to important problems that 
had been pushed to the margin — this was a 
strong note at Altenberg, making the meeting 
as much about revivalism as revolution. “Origi- 
nally, the idea was that evo-devo was going to be 
the synthesis between evolution and develop- 
ment — nowitis part of what needs to be done 
to get there,’ says Alan Love, a philosopher of 
science at the University of Minnesota in Min- 
neapolis who attended Altenberg. “There is still 
a lot of outstanding work to do on fitting the 
pieces together, but no consensus on how to 
go about that right now.’ Nevertheless, he says, 
that’s no cause for alarm. “What is needed is to 
incorporate empirical findings into the bigger 
picture. It took populations genetics 25 years to 
do that and make the modern synthesis. As far 
as evo-devo goes, I'd say we're smack dab in the 
middle of that process.” 


Preaching to the converted? 

David Krakauer, an evolutionary theorist at 
the Santa Fe Institute in New Mexico who was 
not at Altenberg, agrees. “It's a matter of finally 
unifying two areas that haven't spoken to one 
another,’ he says. “To tackle any modern prob- 
lem in evolutionary biology, you'll have to use 
development and the dynamics of the genes 
that underlie it”” He’s quite enthusiastic about 
the possibility of bringing together mathemati- 
cal theories of pattern formation, of the kind 
favoured by Newman, and the large body of 
theory on genetic change between generations 
used by population geneticists such as Coyne. 
But at the same time, he can see forces beyond 
the content of the theories that may keep them 
apart: “It's not about totally incompatible world 
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“If there's one thing 
we don't want, it's 
that there's a bunch 
of theories out 
there, and they're 
all equal.” 
— Massimo Pigliucci 


views, it’s about who holds the 
torch — who are the legitimate 
heirs to the Darwinian intellec- 
tual estate.” 

Love saw the Altenberg meet- 
ing as an attempt to bridge the 
divide, but one that, by avoiding 
conflict (partly through invita- 
tions being declined), ended up 
a little one-sided. “Altenberg 
was an attempt to pull people 
together; the hard part was that 
it didn't pull in people who were 
less than sympathetic towards 
one another,” he says. “It could 
have been a much more eraser- 
throwing meeting, but there is 
no reward for organizing that 
— you don't get another grant 
by trying to get people in the 
same room, you just have to 
take time away from the lab or 
fieldwork” 

And there are forces at play beyond jock- 
eying for disciplinary prestige. Never mind 
what can happen and what did happen. What 
should happen? It’s a fight that evolutionary 
theory — rooted as it is in a world view shaped 
by Victorian capitalism — has always found 
itself dragged into. To give one example, the 
championing of ‘punctuated equilibrium’ in 
the fossil record by Gould and Eldredge was 
easily construed by participants on both sides 
of the debate in the 1970s as an attack from the 
political left — part of a broader rising of hack- 
les at the arrival of sociobiology, selfish genes 
and the like. Evolutionary ideas and political 
metaphors still seem to seek each other out 
— in an extended synthesis, says Gilbert, “the 
gene will be a much more constitu- 
tional monarch, taking instructions 
from the cell and environment”. 

Eva Jablonka of the University of 
Tel Aviv, Israel, is explicit about a 
political side to her work. She advo- 
cates the importance of epigenetic 
inheritance — traits that can be 
passed on without changes to DNA 
sequence. These can be induced 
by environmental stressors such as 
temperature, diet or environmental 
chemicals. Such mechanisms, and 
insults, may be behind some inher- 
ited diseases, she says, in which case 
we have a responsibility to curb 
and reverse them. “There are social 
implications to our approach,” says 
Jablonka. “Our way of looking at 
heredity and evolution counters 
genetic determinism and its politi- 
cal implications.” Jablonka is one of 
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the Altenberg attendees most comfortable with 
the term ‘postmodern’ 

Yet there was no sense at Altenberg ofa desire 
to attack evolutionary theory from the left. Quite 
the reverse — the dominant political concern 
was a fear of attack from fundamentalists. As 
Gould discovered, creationists seize on any 
hint of splits in evolutionary theory or dissat- 
isfaction with Darwinism. In the past couple of 
decades, everyone has become keenly aware of 
this, regardless of their satisfaction or otherwise 
with the modern synthesis. “You always feel like 
youre trying to cover your rear,” says Love. “If 
you criticize, it’s like handing ammunition to 
these folks.” So don't criticize in a grandstand- 
ing way, says Coyne: “People shouldn't sup- 
press their differences to placate creationists, 
but to suggest that neo-Darwinism has reached 
some kind of crisis point plays into creationists’ 
hands,’ he says. It is tempting to say that it’s not 
just genes that express themselves in an environ- 
ment that responds and reshapes itself around 
them, feeding back and complicating matters 
beyond simple cause and effect; the same applies 
to ideas. And if that seems a bit self-referential 
— well, that’s postmodernism. a 
John Whitfield is the author of In the Beat of a 
Heart: Life, Energy, and the Unity of Nature. 
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More ground work 
needed to prepare 
students for PhDs 


SIR — John Kirkland’s review 
of Toward a Global PhD? by 

M. Nerad and M. Heggelund 
(Nature 454, 408; 2008) 
emphasizes the increasing 
popularity of doctoral degrees 
among students around the 
world. As a graduate students’ 
representative, | have noticed 
a general and worrisome side 
effect of this trend in the three 
universities on two continents 
where | have been based. 

It is striking how many early 
graduate students around the 
world complain about being 
unprepared for science itself, 
despite having passed their 
undergraduate degrees with 
ease. For graduate ecologists, 
for instance, it is crucial that the 
experimental design and statistics 
should be carefully thought 
through before the project 
is started. However, despite 
most universities’ requiring a 
basic course in statistics, many 
graduates struggle to create 
properly designed experiments. 

Ways around this problem 
could include practical experience 
on a project-based MSc course 
as a prerequisite for enrolling 
for a PhD, stemming the 
trend to shorten PhD courses 
and enhancing the quality of 
supervision. 

Ideally, students should be 
motivated to learn for themselves 
and should have access to good 
library facilities so that they 
can acquire all the information 
they need before beginning 
data collection. But some will 
struggle to make the leap from 
an initial grasp of theory to the 
complexities of experimental 
design and analysis, and will 
suffer from this for the remainder 
of their PhD. 

This large gap between 
undergraduate and graduate 
courses inevitably leads to money 
being wasted on badly designed 
projects that will never be 
published, and the demoralization 


of graduates who will never go 
onto become scientists. 
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Talking about the 
creative use of 
enhancements 


SIR — In his review ‘Inside the 
mind of amarathon runner’ 
(Nature 454, 583-584; 2008), 
Andy Miah says he approaches 
the book What! Talk About 
When ! Talk About Running from 
the perspective of the ethics of 
biotechnical enhancements. 
But the striking title of Haruki 
Murakami’s work deserves 
further comment. 

The title echoes that of one of 
the most important short-story 
collections in contemporary 
American literature, taken from 
one of the stories it contains: 
Raymond Carver's What We Talk 
About When We Talk About Love 
(Knopf, 1981). That story's themes 
include death, isolation, drinking 
and different types of love. 
Murakami's substitution of 
“running” for “love” speaks for 
itself, as does the insularity evoked 
by moving from “we” to “I”. 

This shift towards isolation is 
also picked up in Alan Sillitoe’s 
poignant The Loneliness of the 
Long-Distance Runner (W. H. Allen, 
1959): a phrase that has become 
better known than the powerful 
short story that evoked it. 

Carver himself even fits into 
Miah's theme of biotechnical 
enhancements. Some say he did 
his best work while drinking and 
smoking, which may have helped 
ease him into his writing in much 
the same way as Murakami’s 
coating of Vaseline helped him 
slip into his triathlon wetsuit. 

The term ‘enhancement’ could 
also be applied to the work of 
the aggressive editor Gordon 
Lish, who in many ways shaped 
Carver's unique voice. It was Lish 


who coined the reflective ‘What 
We Talk About When We Talk 
About Love’, an improvement 
over the story's original and less 
evocative title ‘Beginners’. 
Whether we are talking about 
writing, sport or science, some 
enhancements pay off. 
Jennifer Manning American 
Committee for the Weizmann 
Institute of Science, 633 Third Avenue, 
New York, New York 10017, USA 
e-mail: jennifer@acwis.org 


European grants: a 
different view puts 
rich countries ahead 


SIR — Another look at the data 
used by F. Frischknecht in his 
Correspondence ‘Small countries 
are unexpected winners in ERC 
grant tables’ (Nature 454, 690; 
2008) reveals a different story. 

Thirty-eight countries are 
eligible for European Research 
Council (ERC) grants. Of the 17 
that did not receive any grants, 
13 had a population size below 
the median (based on purchasing 
power parity, using data from 
the CIA world factbook at 
https://www.cia.gov/library/ 
publications/the-world-factbook/ 
index.html). At a glance, this 
might suggest that the smaller 
countries are the losers. 

The reason why this is untrue 
is obvious, but Frischknecht's 
figures contain a similar error. 

He concludes that small countries 
were successful, because he 
omitted the small countries that 
did not receive any grants. 

Of course, larger countries are 
less likely to have no successful 
applicants, because they draw 
from a larger pool of talent. 
Consequently, Frischknecht's 
results are automatically biased. 

If we look at the full data 
and use a log-linear model 
to regress the number of 
successful applicants against 
log-transformed population size 
and gross domestic product 
(GDP) per person, we find that 
the population effect (coefficient 
of 0.9, standard error 0.11) is not 
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distinguishable from 1 (P= 0.3), 
indicating no evidence of bias 
towards smaller countries. 

The wealth effect is much more 
important: doubling GDP per 
head increases the number of 
grants tenfold (coefficient of 2.3, 
standard error 0.49). One might 
conclude that the winners are the 
rich countries. Again. 

Bob O'Hara Department of 
Mathematics and Statistics, PO Box 
68 (Gustaf Hallstrémin katu 2b), FIN- 
00014 University of Helsinki, Finland 
e-mail: bob.ohara@helsinki.fi 


European grants: 
a lifeline in poorly 
funded countries 


SIR — | was amused to read 

in Friedrich Frischknecht's 

Correspondence ‘Small countries 

are unexpected winners in ERC 

grant tables’ (Nature 454, 690; 

2008) that Israel is ranked first in 

grants received, in relation both to 

population and to gross domestic 

product. This is shown in his table 

analysing grant awards from the 

European Research Council (ERC) 

for young-investigator research 

by country. No doubt this ranking 

will be used for political capital by 

various interested parties. 
Although this success rate 

must reflect the excellence of 

our young scientists, | suspect 

that it also reflects their degree 

of desperation. In a country 

with an average local grant size 

of US$30,000-40,000 anda 

finance ministry that is indifferent 

or actively opposed to funding 

academic science, an ERC grant 

is not just a glittering prize, it is 

one of the few available options 

for scientific survival. Rather 

than using Frischknecht's table 

as a measure of quality, | submit 

that its primary utility could be in 

highlighting countries that do not 

provide adequate local funding for 

their scientists. 

Mike Fainzilber Department 

of Biological Chemistry, 

Weizmann Institute of Science, 

Rehovot 76100, Israel 

e-mail: mike.fainzilber@weizmann.ac.il 
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Time to can the tuna fisheries? 


A tale of the endangered Atlantic bluefin tuna reveals how overfishing and unreported catches threaten to 
wipe out this majestic predator. But it stops short of offering original solutions, explains Geoff Arnold. 


Tuna: A Love Story 
by Richard Ellis 
Knopf: 2008. 352 pp. $27.95 


Stocks of bluefin tuna are at risk of commercial 
and biological collapse worldwide, particularly 
in the Mediterranean Sea. Scientists are laying 
the foundations for better long-term manage- 
ment of tuna stocks by including electronic 
tag data, genetics and microchemistry in their 
assessment models. Despite their efforts, effec- 
tive management action could come too late to 
save this majestic fish. 

In his book Tuna, Richard Ellis makes an 
impassioned plea to rescue the bluefin before 
it is fished to extinction. Tuna lacks the dis- 
cipline of Mark Kurlansky’s Cod (Jonathan 
Cape, 1998) but Ellis conveys well the enthu- 
siasm people have for these superbly evolved 
top predators that are a source of great wealth 
as well as prized sushi and sashimi. 

Much can be learned about fish behaviour 
from electronic tagging. When I was involved 
in tracking individual plaice and cod using 
sonar in the North Sea in the 1970s, the 
process was arduous and slow. Acoustic tags 
could transmit for several days, but following 
them with a small research vessel meant bad 
weather often stopped the work first. To over- 
come these constraints we developed small 
data loggers, which recorded fish depth and 
sea temperature every few minutes without 
the need for tracking. Fishermen returned 
recaptured tags for a small reward and the 
data allowed us to deduce the vertical and 
horizontal movements of groups of fish over 
many months. Some 30 years on, new sen- 
sors under trial will soon allow feeding and 
spawning to be studied in free-ranging fish at 
sea, rapidly filling important gaps in biologi- 
cal knowledge. 

Evolving tag technology has made a major 
contribution to tuna biology. Thirty years 
ago, Frank Carey built large acoustic tags 
at the Woods Hole Oceanographic Institu- 
tion in Massachusetts, and later used them 
to demonstrate that tuna, swordfish and 
some sharks can regulate the temperature 
of some parts of their bodies. Recent elec- 
tronic tagging programmes have revealed 
transoceanic migrations of bluefin tuna in 
the Atlantic, Pacific and Southern Oceans, 
and shown the widespread dispersion and 
overlap of Atlantic bluefin populations that 
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Calls are being made for a global ban on bluefin tuna fishing before it is too late. 


segregate to discrete spawning grounds in 
the Mediterranean and Gulf of Mexico. 

Much of this story can be gleaned from Ellis’s 
book, which deals mainly with bluefin tuna 
but includes yellowfin, skipjack, albacore and 
bigeye tuna. The chapter about sport fishing, 
describing millionaires such as popular author 
Zane Grey who pursued giant bluefin with a 
rod and line from small boats, is exciting and 
enjoyable. Other chapters dealing with biology, 
systematics, commercial fisheries, marketing 
and ranching are less well focused. Material is 
distributed haphazardly with much repetition, 
some sections of text are repeated verbatim and 
the use of references is erratic. Catch statistics 
and quotas pop up everywhere and at least six 
chapters discuss assessment and management 
of tuna stocks without synthesis. Although the 
footnotes are models of clarity, the main text 
is occasionally pretentious, and the lack of a 
glossary makes it difficult to resolve apparent 
contradictions in the use of some technical 
terms. Happily, the book is well illustrated and 
Ellis’s line drawings are excellent. 

Tuna willleave readers appalled that Atlantic 
and Southern bluefin stocks are so close to 
collapse and that deliberate underreporting 
of catches by key fishing nations has been a 
major factor in the tuna’s decline. However, 
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the book does not advance any original 
solutions and the logic of its concluding chap- 
ters is muddled. Ellis uses biblical sources to 
justify conservation and dismisses fisher- 
ies management in favour of farming, even 
though it has been impossible to get blue- 
fin to spawn in captivity until very recently. 
It would have been more constructive had 
Ellis weighed the relative merits of both 
approaches, reiterated the continuing need 
for strong conservation of wild populations 
and summarized what can be done. 

In March this year, chastened by criticism 
of its failure to manage the bluefin tuna fish- 
ery in the Mediterranean and eastern Atlantic, 
the European Commission instituted a strong 
monitoring and enforcement plan to prevent a 
recurrence of the substantial overfishing of blue- 
fin recorded by European Union member states 
in 2007 (http://tinyurl.com/6orrrz). By mid- 
June, when the 2008 quota of 28,500 tonnes was 
exhausted, the European Commission called a 
halt to purse seine fishing, which uses the huge 
drawstring nets responsible for more than 70% 
of the total tuna catch. It also prohibited tran- 
shipment and transfer of fish to fattening cages 
from either EU or non-EU vessels. 

Regrettably, the EC’s apparently strong 
measures will almost certainly fail to achieve 
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stock recovery unless the International 
Commission for the Conservation of Atlan- 
tic Tunas (ICCAT), which sets the quotas, 
reforms the ineffective 15-year recovery plan 
it adopted in 2006. 

When it meets in November this year, the 
ICCAT must adopt the measures advocated 
by its own Standing Committee on Research 
and Statistics (http://iccat.int/scrs.htm). These 
include closure of the Mediterranean through- 
out the spawning season, full enforcement of 
the increased minimum size for caught tuna, 
and a catch limit of 15,000 tonnes — less than 
a third of recent totals — for the next few 
years. It should also heed the call of the con- 
servation group WWE which is asking for a 


three-year moratorium on bluefin tuna fishing 
(http://tinyurl.com/5ehxtw). With far too many 
fishing vessels, significant underreporting of 
catches by several EU countries and consid- 
erable illegal, unregulated and unreported 
fishing by neighbouring states such as Turkey, 
Croatia and Libya, time is fast running out for 
the Mediterranean bluefin tuna. Its loss would 
be an economic and ecological disaster. a 
Geoff Arnold is former Chair of the Fisheries 
Science and Management Group at the Centre for 
Environment, Fisheries and Aquaculture Science 
(CEFAS), Lowestoft, UK, and a member of the 
SCOR Panel on New Technologies for Observing 
Marine Life. 

e-mail: geoff@arnold45.freeserve.co.uk 


Ocean exhibit makes waves 


The Sant Ocean Hall 

Smithsonian National Museum of Natural 
History, Washington DC 

Opens on 27 September 2008 


Geographers will tell you that there are four 
world oceans, or five if you count Antarctic 
waters. The designers of the new Sant Ocean 
Hall at the Smithsonian National Museum of 
Natural History, based in Washington DC, beg 
to differ. Although it acknowledges distinct 
ocean basins, the exhibit emphasizes that the 
world’s waters are linked in a single ecosystem 
that influences all life on Earth. 


| 


| 


The US$49- million hall is due to open on 
27 September and will house the museum’s 
largest permanent display. A joint venture with 
the US National Oceanic and Atmospheric 
Administration, the hall explains oceanogra- 
phy, biology, ecology and anthropology. 

It was inspired by aspects of the ocean in 
crisis, exploring the effects of oil spills, cli- 
mate change and ocean acidification. Other 
sections highlight the ocean’s bounty and the 
resources it provides. 

Changing displays showcase scientific 
research, including the Census of Marine Life 
— a collaborative project to assess marine 
diversity — and curator Michael Vecchione’s 
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An artist's impression of the Sant Ocean Hall shows its emphasis on the oceans as a single ecosystem. 
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2001 discovery of a strange squid with 
spaghetti-like arms. A news kiosk features 
frequent ocean updates. Exhibit developer Jill 
Johnson hopes the displays will educate visitors 
and encourage them to be better stewards of the 
world’s waters. 

Looming over the hall is a full-scale model 
of a female North Atlantic right whale called 
Phoenix. Scientists have spent around 20 years 
tracking the real Phoenix, distinguishable by 
her unique scars. The 14-metre-long mother of 
three was recently spotted in the Gulf of Maine, 
and is one of an estimated 350 North Atlantic 
right whales left in the ocean. 

One of the strengths of the Smithsonian is 
its vast collection of marine species, which the 
hall’s curators were eager to display. Specimens 
are traditionally stored in alcohol, but a change 
in the fire regulations in 2005 meant that fire- 
safety experts would allow only a maximum of 
38 litres of alcohol in the 2,000-metre-square 
space, explains Johnson. 

The answer came from technology company 
3M, based in St Paul, Minnesota. One of their 
non-flammable, non-toxic hydrofluoroether 
fluids, developed as a cleaning fluid and sol- 
vent, forms an envelope around samples to seal 
in the formalin preservative. 3M donated some 
4,000 litres of the stuff to the museum, where 
it now surrounds various artefacts, including a 
coelacanth and her pup, a prehistoric fish that 
was thought to be extinct until its rediscovery 
in 1938. 

The hall’s specimens are the first to be 
displayed in the fluid, which, unlike alcohol, 
does not leach colour. “A lot of other museums 
are really interested in how this works out,” 
Vecchione says. 

One of the hall’s stars is a seven-metre- 
long giant squid that rests majestically in a 
coffin-like tank filled with the liquid. Along 
with a three-metre-long male squid, it ison 
loan from the Spanish research organization 
CEPESMA. Transporting the pair across the 
Atlantic in 1,500 litres of formalin was quite a 
task. The US Air Force and Navy helped out 
with the trip, dubbed ‘Operation Calamari’. 
Elizabeth Musteen, who coordinated the jour- 
ney, was concerned about the weight of the 
cargo until an unimpressed Air Force repre- 
sentative chastised her: “Ma’am, I move tanks. 
Ican do this.” 

Also on show is a hand-carved Tlingit canoe, 
some 8 metres long. The Pacific northwest tribe 
is one of many cultures represented in the hall 
that depend on the sea. As Johnson explains, 
“The main message is that the ocean, singu- 
lar, is a global system that is essential to all life 
— including yours”. a 
Amber Dance is a News intern based in Nature's 
Washington DC office. 
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stock recovery unless the International 
Commission for the Conservation of Atlan- 
tic Tunas (ICCAT), which sets the quotas, 
reforms the ineffective 15-year recovery plan 
it adopted in 2006. 

When it meets in November this year, the 
ICCAT must adopt the measures advocated 
by its own Standing Committee on Research 
and Statistics (http://iccat.int/scrs.htm). These 
include closure of the Mediterranean through- 
out the spawning season, full enforcement of 
the increased minimum size for caught tuna, 
and a catch limit of 15,000 tonnes — less than 
a third of recent totals — for the next few 
years. It should also heed the call of the con- 
servation group WWE which is asking for a 


three-year moratorium on bluefin tuna fishing 
(http://tinyurl.com/5ehxtw). With far too many 
fishing vessels, significant underreporting of 
catches by several EU countries and consid- 
erable illegal, unregulated and unreported 
fishing by neighbouring states such as Turkey, 
Croatia and Libya, time is fast running out for 
the Mediterranean bluefin tuna. Its loss would 
be an economic and ecological disaster. a 
Geoff Arnold is former Chair of the Fisheries 
Science and Management Group at the Centre for 
Environment, Fisheries and Aquaculture Science 
(CEFAS), Lowestoft, UK, and a member of the 
SCOR Panel on New Technologies for Observing 
Marine Life. 

e-mail: geoff@arnold45.freeserve.co.uk 


Ocean exhibit makes waves 


The Sant Ocean Hall 

Smithsonian National Museum of Natural 
History, Washington DC 

Opens on 27 September 2008 


Geographers will tell you that there are four 
world oceans, or five if you count Antarctic 
waters. The designers of the new Sant Ocean 
Hall at the Smithsonian National Museum of 
Natural History, based in Washington DC, beg 
to differ. Although it acknowledges distinct 
ocean basins, the exhibit emphasizes that the 
world’s waters are linked in a single ecosystem 
that influences all life on Earth. 
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The US$49- million hall is due to open on 
27 September and will house the museum’s 
largest permanent display. A joint venture with 
the US National Oceanic and Atmospheric 
Administration, the hall explains oceanogra- 
phy, biology, ecology and anthropology. 

It was inspired by aspects of the ocean in 
crisis, exploring the effects of oil spills, cli- 
mate change and ocean acidification. Other 
sections highlight the ocean’s bounty and the 
resources it provides. 

Changing displays showcase scientific 
research, including the Census of Marine Life 
— a collaborative project to assess marine 
diversity — and curator Michael Vecchione’s 
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An artist's impression of the Sant Ocean Hall shows its emphasis on the oceans as a single ecosystem. 
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2001 discovery of a strange squid with 
spaghetti-like arms. A news kiosk features 
frequent ocean updates. Exhibit developer Jill 
Johnson hopes the displays will educate visitors 
and encourage them to be better stewards of the 
world’s waters. 

Looming over the hall is a full-scale model 
of a female North Atlantic right whale called 
Phoenix. Scientists have spent around 20 years 
tracking the real Phoenix, distinguishable by 
her unique scars. The 14-metre-long mother of 
three was recently spotted in the Gulf of Maine, 
and is one of an estimated 350 North Atlantic 
right whales left in the ocean. 

One of the strengths of the Smithsonian is 
its vast collection of marine species, which the 
hall’s curators were eager to display. Specimens 
are traditionally stored in alcohol, but a change 
in the fire regulations in 2005 meant that fire- 
safety experts would allow only a maximum of 
38 litres of alcohol in the 2,000-metre-square 
space, explains Johnson. 

The answer came from technology company 
3M, based in St Paul, Minnesota. One of their 
non-flammable, non-toxic hydrofluoroether 
fluids, developed as a cleaning fluid and sol- 
vent, forms an envelope around samples to seal 
in the formalin preservative. 3M donated some 
4,000 litres of the stuff to the museum, where 
it now surrounds various artefacts, including a 
coelacanth and her pup, a prehistoric fish that 
was thought to be extinct until its rediscovery 
in 1938. 

The hall’s specimens are the first to be 
displayed in the fluid, which, unlike alcohol, 
does not leach colour. “A lot of other museums 
are really interested in how this works out,” 
Vecchione says. 

One of the hall’s stars is a seven-metre- 
long giant squid that rests majestically in a 
coffin-like tank filled with the liquid. Along 
with a three-metre-long male squid, it ison 
loan from the Spanish research organization 
CEPESMA. Transporting the pair across the 
Atlantic in 1,500 litres of formalin was quite a 
task. The US Air Force and Navy helped out 
with the trip, dubbed ‘Operation Calamari’. 
Elizabeth Musteen, who coordinated the jour- 
ney, was concerned about the weight of the 
cargo until an unimpressed Air Force repre- 
sentative chastised her: “Ma’am, I move tanks. 
Ican do this.” 

Also on show is a hand-carved Tlingit canoe, 
some 8 metres long. The Pacific northwest tribe 
is one of many cultures represented in the hall 
that depend on the sea. As Johnson explains, 
“The main message is that the ocean, singu- 
lar, is a global system that is essential to all life 
— including yours”. a 
Amber Dance is a News intern based in Nature's 
Washington DC office. 
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Stages of uncertainty 


Stage Directions: Writing on Theatre 
1970-2008 

by Michael Frayn 

Faber and Faber: 2008. 288 pp. £20 


In Michael Frayn’s 1998 play Copenhagen, 
physicists Niels Bohr and Werner Heisenberg, 
along with Bohr’s wife Margrethe, reunite 
in the afterworld to work out the mystery of 
why Heisenberg visited Bohr in Copenhagen 
in 1941. The play has stimulated tremendous 
debate about the people and events it depicts. 
Frayn’s new book includes his writings about 
the play both before it was staged and in 
response to this debate. It is useful to have them 
collected here alongside Frayn’s other writings 
about theatre over the past three decades. 
Stage Directions reveals much about the mind 
behind Copenhagen, a play he admits gave the 
‘kiss of life’ to a playwriting career that was flag- 
ging in the 1990s. Just a few years earlier, in 1985, 
Frayn’s career had been at its peak, with three of 
his works running in London simultaneously. 
One chapter, entitled ‘On the Roller Coaster’, 
charts the frenzied, out-of-control lurching 
between failure and success that characterized 
his early writing. A sense of precariousness has 
remained with him, even after unqualified stage 


successes like Copenhagen. Frayn isn't afraid to 
wallow in his failures. This, together with his 
readiness to place the contributions of the direc- 
tors and actors he has worked with far above his 
own efforts, makes for appealing reading. 

Frayn’s theatre work spans everything from 
comedy and farce, opera and film, to serious 
drama and a substantial body of translations 
of Anton Chekhov’s plays. He fondly recalls his 
childhood theatrical efforts, first at toy theatre 
and then at magic and conjuring tricks. Some 
hilarious mishaps, with the scenery crashing 
down around one particularly spectacular fail- 
ure, planted the very productive seeds of his later 
farces such as Donkeys’ Years and Noises Off. 

To date, Copenhagen is Frayn’s only venture 
into science on stage. Indeed, Copenhagen and 
Noises Off seem so remote from one another 
that it is hard to believe they are by the same 
playwright. Copenhagen plumbs some of the 
most difficult scientific and moral questions 
of our time; in a sense, it forms a trilogy with 
Frayn’s two most recent plays, Democracy and 
Afterlife. Apart from the single-word titles, these 
all reflect Frayn’s abiding Germanic interests 
and fascination with ‘great men’ on the stage of 
history — Heisenberg and other physicists in 
Copenhagen, German chancellor Willy Brandt 


in Democracy and the Austrian (later American) 
theatre director Max Reinhardt in Afterlife. 
These men all met with failure and success. The 
plays probe the extent to which personal char- 
acteristics brought about these failures, and to 
what degree they were caused by political cir- 
cumstances that overwhelmed the characters. 

All three plays reflect Frayn’s interest in ‘the 
epistemology of intention, or the question of 
how we attempt — and fail — to know our own 
and others’ thoughts and motives. The book 
reveals that this theme is already latent in his 
earliest plays. Another, more overt theme that 
he develops in his work is how we impose our 
ideas on the world around us. 

Because Copenhagen, Democracy and Afterlife 
all involve real historical figures and situations, 
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Saving plastics for posterity 


Conservation of Plastics: Materials Science, 
Degradation and Preservation 

by Yvonne Shashoua 
Butterworth-Heinemann: 2008. 300 pp. 
$87.95, £49.99 


Many modern cultural artefacts, from Neil 
Armstrong's space suit to works of art, contain 
plastics that may degrade readily. Museums 
now face the challenge of saving vulnerable 
and important examples for future generations. 
Yvonne Shashoua’s book Conservation of Plastics 
is a timely, thoughtful and thorough review of 
the young discipline of plastics conservation. It 
will help conservators, curators, archivists and 
collectors of modern materials, and will be of 
interest to materials scientists and chemists. 
Often misidentified by the untrained eye, 
plastics are present in scientific, technological 
and social historical collections, and increasingly 
in modern art and textiles. Certain twentieth- 
century plastics, notably early polyvinyl chloride 
and polyurethane foams, degrade relatively 
swiftly and severely. Casualties include design 
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icons such as the inflatable 1960s Blow Chair 
and highly collectable vintage Barbie dolls. 

Semisynthetic plastics from the nineteenth 
century, especially cellulose nitrate (celluloid) 
and cellulose acetate, are particularly susceptible 
to degradation, whether the stimulus is physical, 
chemical or environmental. Irreversible damage 
to early celluloid cine film and its replacement, 
cellulose acetate safety film, pose a great prob- 
lem for archivists. The earliest films and the his- 
torical evidence they contain may be lost unless 
they are transferred onto more robust media. 
The twentieth-century sculptor Naum Gabo 
used cellulose nitrate and cellulose acetate in his 
early works. Some have deteriorated so badly 
that conservators are turning to computer-aided 
methods to record their form. 

Early steps to save plastics were discussed at 
a 1988 conference held by the Scottish Society 
for Conservation and Restoration. Several books 
followed. The 1993 Canadian Conservation 
Institute publication Saving the Twentieth Cen- 
tury, edited by David Grattan, established the 
discipline of plastics conservation. In their 1999 
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book Plastics: Collecting and Conserving, Anita 
Quye and Colin Williamson issued guidelines 
for the care of plastics in collections to accept- 
able museum and conservation standards. 

A decade on, Shashoua’s welcome and access- 
ible book provides up-to-date, professional 
advice on caring for plastics, including associ- 
ated risks and useful data. She provides con- 
text with introductory chapters on plastics in 
collections and the technology of plastics and 
their historical development, and uses her back- 
ground as a polymer chemist and conservator 
to explain the nature of plastics, their types and 
related chemistry. Especially helpful are tables of 
frequently used additives, properties of plastics 
and the impact of chemical reactions in plastics, 
notably those caused by light, heat and oxygen. 

To assist with the difficulty of identifying 
plastics, the book lists characteristic odours, 
recycling symbols and specific gravities. Shash- 
oua discusses identification tests, including the 
controversial ‘hot pin test, in which glowing 
hot pins are applied to the surface of a plastic 
object and note taken of the resulting marks 
and odours. This method is favoured by col- 
lectors and antique sellers, but rejected by 
museum professionals owing to the damage 
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Michael rayn's f 
fascination with great men 
of history prompted his 
play Copenhagen. 


Frayn provides substantial ‘postscripts’ to each 
one, reprinted in the book, in which he lays out 
his source material, explains how he used it, and 
where and why he diverges from the historical 
record. For Copenhagen, he retraces the tremen- 
dous research he did into the physics and the 
physicists, from concepts of uncertainty and 
complementarity in quantum mechanics, to 
calculations of the critical mass of fissile mate- 
rial needed to make an atomic bomb, and the 
extent and nature of the German atomic weap- 
ons programme. His assessments of Bohr and 
Heisenberg are detailed and perceptive. 

Frayn also discusses the 1945 detainment 
of Heisenberg and other German physicists 
at Farm Hall, a manor house outside Cam- 
bridge, UK, noting that ‘the story of Farm Hall 


is another complete play in itself’ If only he 
would one day write it. 

In a post-postscript, Frayn recounts how 
Copenhagen took on a life of its own and even 
changed the historical record, prompting first 
the revelation of draft letters from Bohr to 
Heisenberg about their 1941 meeting, and then 
the discovery of a letter Heisenberg wrote to his 
wife during that meeting, which took place, it 
turns out, on three separate days over a week. 
Although he wishes he had gained access to 
some of the documents earlier, especially Bohr’s 
draft letters, he maintains that in the end, the 
play's integrity still stands. 

One can see why he is drawn to Chekhov. 
The Russian, like Frayn, wrote novels and 
short stories before coming to playwriting late 
in life, for which he is arguably best known. 
Frayn’s sympathy with Chekhov’s ‘struggles 
to understand and master the recalcitrant 
medium of the theatre’ comes through in this 
fascinating collection: how difficult theatre is, 
by turns unpredictable, maddening, tedious, 
enthralling, crushing, exhilarating. In other 
words, just like science. a 
Kirsten E. Shepherd-Barr is a lecturer in modern 
drama at the University of Oxford, and a fellow and 
tutor in English at St Catherine's College, University 
of Oxford, UK. She is author of Science on Stage: 
From Doctor Faustus to Copenhagen. 
e-mail: kirsten.shepherd-barr@ell.ox.ac.uk 


that can be incurred. She summarizes analytical 
techniques, including Fourier transform infra- 
red and Raman spectroscopy, and supplies tech- 
nical data that are useful to analytical chemists. 

Shashoua includes dramatic case studies, such 
as the polyethylene head that was used to display 
agas mask with vulcanized rubber strips. These 
had reacted chemically with the polyethylene 
so that the plastic head suffered irreversible and 
disfiguring degradation. This shows that sul- 
phur-containing vulcanizing agents diffused 
from the gas mask into the polyethylene, and 
highlights the importance of using inert materi- 
als as display mounts for plastics. 

Shashoua outlines available treatments, 
pitfalls associated with using solvents and the 
risks of cleaning and labelling plastics. She 
focuses on objects rather than media such as 
film, which is a specialization in itself. She 
highlights a need for better training for plas- 
tics curators, collectors and conservators, and 
outlines a strategy for surveying collections of 
plastics for degradation. 

Global plastics production is rapidly increas- 
ing — around 230 million tonnes were produced 
in 2007. The compositions of emerging special- 
ist plastics, such as composites, copolymers and 


blends, will make them even more difficult to 
identify and conserve and will challenge future 
collectors. With limited museum resources 
available, the future of plastics conservation will 
be subject to strict cost-benefit analysis. Saving 
Armstrong's space suit, for example, may war- 
rant more expenditure than rescuing everyday, 
mass-produced plastic goods. 

The book also touches on the conflicts 
between traditional conservation ethics and 
their application to new, short-lived materials, 
such as the biodegradable plastics being devel- 
oped to offset mounting concerns about waste 
in landfills, landscapes and oceans. Biodegrad- 
able plastics provide increasing challenges to 
conservators as different types are being pro- 
duced for an ever wider range of applications, 
from packaging to mobile phone casings. 

The conservation of plastics is maturing asa 
discipline, but challenges lie ahead. Shashoua's 
guidelines in Conservation of Plastics do not 
supply all the answers, but they ensure the best 
chance of survival for current and future plastics 
collections into the twenty-second century. ™ 
Susan Mossman is curator of Plasticity: 100 Years 
of Making Plastics at The Science Museum, London 
SW7 2DD, UK, and author of Fantastic Plastic. 
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OPINION 


Robots refined 


The fifth ArtBots exhibition, running at Trinity 
College Dublin from 19-21 September, aims 
to challenge the traditional view of robots by 
showing that they can be art. 

Just 15 of the 100 robots submitted have 
made this year's cut. Pete Redmond's RuBot I! 
comes closest to what most expect a robot to 
be. With its humanoid torso, webcam eyes and 
pneumatic arms, the robot can solve a Rubik's 
cube in an average of 35 seconds. 

Many of the works displayed subvert such 
stark efficiency. Allison Kudla’s fragile-looking 
The Search For Luminosity frames six Oxalis 
plants with high-tech sensors and lights. 
When the plants raise their leaves looking for 
the expected Sun, a system of sensors turns 
on the exhibit's lights to provide sustenance. 
“The idea is about questioning and dismantling 
the hierarchy between the biological and the 
physical,” says Kudla. 

Other robots in the show look like they might 
date from before the Industrial Revolution. 
The most striking example is Ralf Baecker's 
Rechnender Raum (‘Calculating Space’; 
pictured). “All the logic gates like and/or/not 
are formed by levers, strings and weights,” 
explains Baecker. These units are connected 
by strings that communicate digital signals: a 
pulled string equals 1, a loose string equals O. 
Through these strings, each cell in the 
framework receives and transmits instructions 
to neighbouring cells, resulting in a huge, 
primitive computer that sits and calculates 
with no regard to the viewer. 

The show also features a panel discussion 
titled ‘Are we living in a robotic cargo cult?’. 
Participants will discuss how ArtBot projects 
can confront the issue of whether current and 
future robots are “shaped by unrealistic and 
potentially de-humanizing science fiction 
fantasies”. Their conclusions will feed in to 
an EU-funded project, Living with Robots and 
Interactive Companions. t | 
Daniel Cressey is a reporter for Nature. 
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Michael rayn's f 
fascination with great men 
of history prompted his 
play Copenhagen. 
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is another complete play in itself’ If only he 
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to understand and master the recalcitrant 
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Asilomar 1975: DNA modification secured 


The California meeting set standards allowing geneticists to push research to its limits without endangering 
public health. Organizer Paul Berg asks if another such meeting could resolve today’s controversies. 


and the risks and ethical dilemmas that 

it presents, are part of everyday public 
discourse, thrashed out in newspaper columns 
and by politicians and commentators every- 
where. In the early 1970s, it was a very differ- 
ent picture. Scientists were only just learning 
how to manipulate DNA from various sources 
into combinations that were not known to 
exist naturally. Although they were confident 
that the new technology offered consider- 
able opportunities, the potential health and 
environmental risks were unclear. 

The people who sounded the alarm about 
this new line of experimentation were not 
politicians, religious groups or journalists, as 
one might expect: they were scientists. They 
called for a worldwide moratorium on the 
work, followed by an international conference 
of experts at which the nature and magnitude 
of the risks could be assessed. At that gather- 
ing, the International Congress on Recom- 
binant DNA Molecules, held at the Asilomar 
Conference Center in Pacific Grove, Califor- 
nia, in February 1975, it was agreed that the 
research should continue but under stringent 
guidelines. The conference marked the begin- 
ning of an exceptional era for science and for 
the public discussion of science policy. 


7 oday, the benefits of genetic engineering, 


Cancer-carrying bacteria 

Some of the concerns about recombinant 
DNA experimentation stemmed from my 
own work with the Simian Virus 40 (SV 40), 
which can produce tumours in rodents. My 
aim was to use SV40 to introduce new genes 
into mammalian cells. Because the DNA of 
SV40 can integrate into the chromosomes 
of infected cells, I reasoned that any ‘foreign 
DNA associated with it would also become 
part of the infected cell’s genetic make-up, and 
consequently we might be able to study the 
foreign DNA’s expression in mammalian cells. 
To test this, we inserted a segment of DNA 
containing three Escherichia coli genes respon- 
sible for the metabolism of the sugar galactose 
into the genome of the Simian Virus. 

Several scientists feared that bacteria carry- 
ing SV40 DNA might escape and cause cancer 
in people infected, so we chose to defer our 
experiments until we could be sure that the 
risk was nonexistent. Most researchers, like 
me, acknowledged that the new technology 
opened extraordinary avenues for genetics 
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and could ultimately lead to exceptional 
opportunities in medicine, agriculture and 
industry. But we conceded that unfettered 
pursuit of these goals might have unforeseen 
and damaging consequences for human health 
and Earth's ecosystems. 

Earlier, in mid-1974, I had led a commit- 
tee that communicated those concerns to the 
president of the US National Academy of Sci- 
ences and published them in Science, Nature 
and in Proceedings of the National Academy 
of Sciences. We recommended a voluntary 
moratorium on certain recombinant DNA 
experiments that were considered poten- 
tially hazardous. The committee was par- 
ticularly concerned that introduced genes 
could change normally innocuous microbes 
into cancer-causing agents or into human 
pathogens, resistant to antibiotics or able to 
produce dangerous toxins. 

Scientists around the world hotly debated 
the wisdom of our call for caution, and the 
press had a field day conjuring up fantastical 
‘what if’ scenarios. Yet the moratorium was 
universally observed in academic and indus- 
trial research centres. Meanwhile, the public 
seemed comforted by the fact that the freeze 
had been proposed by the very people who 
had helped to develop the technology. 

We also proposed an international con- 
ference at which scientists and appropriate 
experts could assess the risks of recombinant 
DNA technology and devise ways of reduc- 
ing them. With the backing of the National 
Academy of Sciences and 
the National Institutes of 
Health, I and four others 
— David Baltimore, Sydney 
Brenner, Richard Roblin 
and Maxine Singer — drew 
up the agenda for the confer- 
ence. Its main aim was to consider whether to 
lift the voluntary moratorium and, if so, what 
conditions to impose to ensure that the research 
could proceed safely. Non-scientists were also 
encouraged to join in, and the approximately 
140 participants included scientists, lawyers, 
journalists and government officials. 

As might be expected, there was considera- 
ble disagreement during the conference about 
the existence and magnitude of the purported 
risks. Some biologists and public officials 
were certain that recombinant DNA research 
was flirting with disaster and that lifting the 


© 2008 Macmillan Publishers Limited. All rights reserved 


"The press had afield day 
conjuring up fantastical 
‘what if’ scenarios.” 


moratorium would be a blunder. Others 
argued that the research was safe. Heated 
discussions carried on during the breaks, at 
meal times, over drinks and well into the small 
hours. I was struck by how often scientists will- 
ingly acknowledged the risks in other's experi- 
ments but not in their own. Brenner repeatedly 
warned of the consequences of doing nothing, 
predicting that such apparently self-serving 
behaviour would be publicly condemned and 
that government interference or even legisla- 
tion would follow. 


The turning point 
What turned the debate around was the 
suggestion to assign a risk estimate to the 
different types of experiments envisaged, and 
to apply safety guidelines of varying strin- 
gency according to the degree of risk. This 
system worked on two levels. The first was 
physical containment, whereby the degree of 
risk was matched with the type of laboratory 
facility required. So, experiments with little 
or no risk could be done on an open bench; 
those with some risk might require laminar 
flow hoods; a high risk might necessitate 
an airlock and a laboratory under negative 
pressure; whereas experiments using known 
human pathogens would be either prohibited 
or restricted to specialized facilities. Brenner 
suggested this should be supplemented with 
an additional, biological level of containment 
to minimize the damage should engineered 
organisms escape into the environment. Thus 
in cloning experiments that 
were judged to be of lit- 
tle or no risk, researchers 
could work on relatively 
innocuous organisms such 
as widely used lab strains of 
E. coli and Bacillus subtilis; 
riskier experiments would have to use bacte- 
ria that had been genetically modified so they 
could not survive outside the laboratory. 

Participants agreed on the final day of the 
conference that research should continue, 
but under stringent restrictions. The recom- 
mendations formed the basis of the official US 
guidelines on research involving recombinant 
DNA, issued in July 1976. They have proved 
remarkably effective. 

In the 33 years since Asilomar, researchers 
around the world have carried out countless 
experiments with recombinant DNA without 
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reported incident. Many of these experiments 
were inconceivable in 1975, yet as far as we 
know, none has been a hazard to public health. 
Moreover, the fear among scientists that artifi- 
cially moving DNA among species would have 
profound effects on natural processes has sub- 
stantially disappeared with the discovery that 
such exchanges occur in nature. 


The promised land 

What of the benefits of allowing researchers 
to continue to work with recombinant DNA? 
In 1975, many scientists predicted that the 
technology would soon yield important 
drugs, industrial products and improved 
agricultural varieties. 

In fact, such developments have taken longer 
than anticipated. Some have never been real- 
ized because identifying the genes responsible 
for producing certain products or conditions, 
and learning how to manipulate them usefully 
has been more difficult than expected. Since 
the mid-1980s, however, the number of prod- 
ucts has risen continually. Genetically modi- 
fied hormones, vaccines, therapeutic agents 
and diagnostic tools are enhancing medical 
practice. Genetically engineered food plants 
are being grown and sold for consumption in 
both developed and developing countries. A 
thriving biotechnology industry has created 
products, jobs and wealth for scientists and 
others. Very few Asilomar attendees fore- 
saw this great potential — nor could we have 
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predicted the pace at which our fundamental 
understanding of biology has grown. 

Apart from laying the foundations for an 
effective safety regime, what else did Asilo- 
mar achieve? First and foremost, I feel that 
scientists were able to gain the public's trust 
— something that is now much more difficult 
for researchers working in biotechnology. 
Because some 15% of the participants at 
Asilomar were from the media, the public 
was well informed about the deliberations, as 
well as the bickering, accusations, wavering 
views and ultimately the consensus. Many 
scientists feared that a public debate would 
place crippling restrictions on molecular 
biology, but the effort encouraged respon- 
sible discussion that led to a consensus that 
most researchers supported. 

Could an Asilomar-type conference help 
resolve some of the controversies now con- 
fronting scientists and the public — such 
as over fetal tissue, embryonic stem-cell 
research, somatic and germ-line gene ther- 
apy and the genetic modification of food 
crops? I believe that it would be much more 
difficult to organize such an event today. In 
the 1970s, most of the scientists engaged in 
recombinant DNA research were working in 
public institutions and were therefore able 
to get together and voice opinions without 
having to look over their shoulders. This 
is no longer the case — as many scientists 
now work for private companies where 
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commercial considerations are paramount. 

Related to this is that so many issues in 
science and technology today are beset by 
economic self-interest and, increasingly, by 
nearly irreconcilable ethical and religious 
conflicts, as well as by challenges to deeply 
held social values. A conference that sets out 
to find a consensus among such contentious 
views would, I believe, be doomed to acrimony 
and policy stagnation. 

That said, there is a lesson in Asilomar for all 
of science: the best way to respond to concerns 
created by emerging knowledge or early-stage 
technologies is for scientists from publicly- 
funded institutions to find common cause with 
the wider public about the best way to regulate 
— as early as possible. Once scientists from 
corporations begin to dominate the research 
enterprise, it will simply be too late. . 
Paul Berg was one of the organizers of the 
International Congress on Recombinant DNA 
Molecules held in Asilomar, 24-27 February 1975. 
He is Cahill professor emeritus of biochemistry, 
and director emeritus of the Beckman Center of 
Molecular and Genetic Medicine, at Stanford 
University, 279 Campus Drive, Stanford, 
California 94305, USA. He received the Nobel 
Prize in Chemistry in 1980 and the US National 
Medal of Science in 1983. 
e-mail: pberg@stanford.edu 
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Hedgehog's other great trick 


Tom Curran and Jessica M. Y. Ng 


The poet Archilochus wrote “The fox has many tricks, and the hedgehog one great one”. Yet a signalling- 
pathway namesake of hedgehog may have two great tricks that could be exploited for cancer therapy. 


Molecular signalling pathways that 
control the growth of cancer cells have 
been heralded as prime targets for the 
treatment of a broad spectrum of 
tumours’. Of particular interest is the 
hedgehog pathway, which normally is 
involved in development but whose 
abnormal activity is thought to drive 
the proliferation of cancer cells. In a few 
tumour types, this activity is known to 
occur by the mutation of genes encoding 
components of the hedgehog pathway, 
but it has also been proposed to underlie 
many other human cancers that do not 
contain mutations in the hedgehog- 
pathway genes. On page 406 of 
this issue, Yauch et al.’ turn this 
model on its head by revealing 
the hedgehog pathway’s other 
‘clever trick’ in mediating cancer. 
They find that, in most cases, the 
oncogenic function of hedgehog 
proteins is not exerted in tumour 
cells. Instead, the proteins are 
secreted to activate the hedge- 
hog pathway in non-malignant 
stromal cells, which, as part of 
the tumour microenvironment, 
support tumour growth. 

In mice and humans, mutation of a 
gene called Patched 1 activates the hedge- 
hog pathway by increasing the activity of 
smoothened (SMO), a cell-membrane 
protein required for hedgehog signalling. 
This leads to skin and brain tumours’. 
Inhibitors of SMO, including a small 
synthetic molecule called HhAntag, 
are highly effective in treating cancers 
such as basal-cell carcinoma and medul- 
loblastoma in mouse disease models**. 
The optimism generated by these animal 
studies was boosted by the results of a 
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Figure 1| Two-way communication between tumour cells and 
their microenvironment. Yauch et al.’ find that many tumours 
secrete hedgehog-pathway activators (Hh) that act, through the 
SMO protein, on stromal cells in the tumour microenvironment 
(including blood-vessel cells, epithelial cells, fibroblasts and 
immune cells). This results in indirect support for tumour 
growth and survival through mechanisms originating in the 
stromal cells. Such mechanisms could include physical support 
of tumour cells, effects on the extracellular matrix, and secretion 
of components of molecular signalling pathways involving 
insulin-like growth factor (IGF) and Wnt. 


cell lines, but found no correlation 
between drug sensitivity and activ- 
ity of the hedgehog pathway. 

They found instead that inhibi- 

tion of tumour-cell growth by 

cyclopamine or HhAntag seems 
to be a consequence of off-target 

effects at high concentrations of 
these drugs. 
In contrast to normal cells, none of 
the tumour lines responded to hedgehog 
proteins. This observation is consistent 
with a previous finding’ that culturing 
mouse medulloblastoma cells results in 
loss of hedgehog-pathway activity. But 
Yauch and colleagues also confirmed the 
presence of hedgehog proteins in several 
cancers. So the question remained: what 
were the hedgehog proteins doing there? 

The answer came from studies of 25 
human tumours transplanted directly 
into mice. This classic cancer model, 
called a xenograft, has been used exten- 
sively to investigate responses to anti- 
cancer drugs. It has a spotted history, 
however, because its predictions of a 
drug’s clinical activity frequently don't 
come true. To avoid any problems asso- 
ciated with using cultured tumour cells 
for the xenografts, Yauch et al. used 
freshly generated xenografts. 

When human tumours are trans- 
planted into mice, stroma of mouse 
origin rapidly replaces human stromal 
cells'®. To distinguish the responses 
of genes of the hedgehog pathway in 
human tumour cells from those in the 
mouse stroma, the authors measured 
gene-expression levels using species- 
specific markers. They found that, 
remarkably, levels of expression of genes 
encoding hedgehog-pathway activa- 


recent phase I clinical trial’, which reported 
that eight out of nine patients with advanced, 
metastatic basal-cell carcinoma showed a 
partial response to a synthetic SMO inhibi- 
tor, GDC-0449. The fact that cyclopamine (a 
natural SMO inhibitor) blocks even the growth 
of human tumour cell lines that lack mutations 
in the hedgehog pathway’ raised hopes for 


this therapeutic strategy to giddy heights. 
Yauch et al.” dispute this last conclusion, and 
deflate expectations to more realistic levels. 
Nonetheless, their findings open up the pos- 
sibility that hedgehog inhibitors might be used 
to treat a broad range of tumours. Taking an 
industrial-scale approach, the authors tested 
hedgehog inhibitors in 125 human tumour 
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tors in the tumours do not correlate with 
their expression levels in human tumour cells; 
instead, they correlate with gene expression 
levels in the mouse stroma. Moreover, treatment 
of mice with HhAntag results in a decreased 
stromal response — that is, reduced expres- 
sion of hedgehog-pathway target genes — and 
a concomitant reduction in tumour growth’. 
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To confirm the functional role of the 
hedgehog pathway in stroma, Yauch and col- 
leagues used a genetic approach in which the 
gene encoding SMO was ablated from mouse 
embryonic fibroblast cells that were then 
co-injected with tumour cells to serve as a 
source of stromal support. Reduced SMO 
levels in stromal cells resulted in much smaller 
tumours. Finally, hedgehog stimulation of 
stroma increased the expression of genes 
involved in two other signalling pathways 
— those involving insulin-like growth factor 
and the Wnt protein — that can potentially also 
support cancer-cell growth. 

So hedgehog inhibitors disrupt the intimate 
communication processes between tumour 
cells and their microenvironment. This seems 
reminiscent of the normal developmental role 
of hedgehog — mediating a dialogue between 
epithelial cells and their supporting mesen- 
chymal cells. Yauch et al. argue that tumour 
cells thrive by usurping these normal develop- 
mental processes. Indeed, one can envisage a 
network of dependencies involving secreted 
or cell-surface proteins that is maintained by 
continuous stimulation of the hedgehog path- 
way (Fig. 1). Thus, attacking SMO strikes at a 
linchpin in tumour biology. This is an attrac- 
tive concept, and one that points to alterna- 
tive therapeutic targets. Targeting the stroma 
to treat cancer is not a new idea. For decades, 
Judah Folkman championed this concept in 
the form of anti-angiogenic therapies, which 
target tumour vasculature’. Nonetheless, sev- 
eral uncertainties must be resolved before the 
hedgehog pathway can be routinely targeted 
for treating cancer. 

First, it is not known exactly which stromal 
cell types and mechanisms support tumour 
growth (Fig. 1), and it could be that hedge- 
hog influences several events in the tumour 
microenvironment. Yauch et al.’ clearly show 
that HhAntag reduces the growth of various 
human tumours (with or without mutations 
in the hedgehog pathway) transplanted into 
mice. The effect they observe, however, is less 
dramatic than that seen*’ when mouse 
tumours carrying intrinsic hedgehog-pathway 
mutations are eliminated. For most cancers, 
therefore, HhAntag may be more appropriate 
as an adjunct therapy. This would provide a 
powerful one-two punch, in which HhAntag 
targeting the stroma complements a primary 
therapy directed against tumour cells. 

Another unresolved problem is how to iden- 
tify the potentially large class of tumours that 
lack mutations in the hedgehog pathway and 
yet could benefit from such treatment. Expres- 
sion of hedgehog proteins by tumours is a good 
indicator of susceptibility, but not an absolute 
criterion. Understanding the biology of tumour 
communication with its microenvironment 
would help in making such assessments. The 
good news is that both of hedgehog’s great 
tricks (intrinsic and extrinsic signalling in 
tumours) can be exploited by HhAntag for the 
benefit of patients with cancer. = 
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Active galaxies are thought to be the supermassive cousins of binary systems 
in our Galaxy that contain black holes. Observations of an unusual active 
galaxy provide compelling evidence that these systems are indeed related. 


“Black holes have no hair.” This famous com- 
ment by John Wheeler encapsulates the idea 
that black holes are inherently simple objects, 
specified only by their mass, spin and electric 
charge. It also extends to their nearby environ- 
ments. The superheated, X-ray-emitting gas 
that is pulled in, or ‘accreted, from a black 
hole’s surroundings is predicted to show the 
same behaviour whether it is torn from a nor- 
mal star by a ten-solar-mass black-hole com- 
panion — a system known as an X-ray binary 
— or accreted from the innermost regions of 
an ‘active’ galaxy by a central, supermassive 
black hole (of 10°-10" solar masses). This pre- 
diction has been borne out by the discovery of 
many features common to X-ray binaries and 
their supermassive cousins, including power- 
ful jets of radio-emitting plasma’, relativisti- 
cally broadened fluorescent emission lines* 
and characteristic variability timescales that 
scale with black-hole mass’. 

But one feature has been missing. For more 
than 20 years, X-ray binaries have been known 
to show rapid, almost periodic oscillations 
in their X-ray emission‘, but no such ‘quasi- 
periodic oscillations’ (QPOs) have been seen 
in the otherwise similar X-ray emissions of 
active galaxies. Observations by the XMM- 
Newton observatory, reported by Gierlinski 
et al.” on page 369 of this issue, now reveal the 
first X-ray QPO in an active galaxy, providing 
a further link between black holes across the 
mass scale. 

Claims of QPOs in active galaxies have been 
made before, but this is the first one in which 
astronomers can have real confidence. The best 
previous claim was made from data obtained 
with a non-imaging detector, and was later 
found to be caused by X-rays emitted by a star 
that also exhibits QPOs (a cataclysmic variable 
star), and that happened to lie in the same field 
of view as the target active galaxy®. By contrast, 
XMM-Newton is an imaging instrument, and 
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the QPO reported by Gierlirski et al.° comes 
unambiguously from the target active galaxy, 
RE J1034+396. Other QPO claims were 
rejected’ after more careful tests that took 
into account the presence of flicker-noise- 
type fluctuations, which are ubiquitous in the 
X-ray emission from active galaxies. The QPO 
in RE J1034+396 passes these tests with flying 
colours, largely because the oscillation is highly 
coherent, showing almost exactly periodic 
variations over 16 of the 24 roughly 1-hour 
cycles of oscillation that could be observed. 
The detection is also helped by the apparent 
weakness of the flicker noise, with most of the 
variability being concentrated in the QPO and 
not over a broad range of timescales. 

The discovery’ of the first QPO in an active 
galaxy extends the similarity of stellar-mass 
and supermassive black holes to new terri- 
tory. But interpreting the QPO is difficult. 
A whole array of QPO periods, covering a wide 
range of timescales, is seen in X-ray binaries 
— which one, if any, corresponds to the QPO 
in RE J1034+396? To identify it, one would 
need to know the mass of the black hole, 
which acts as a scaling factor in determining 
the rate of oscillation. But this is not known 
for RE J1034+396. 

Even more difficult is the question of the 
origin of QPOs. Despite many examples, and 
decades of study of QPOs in X-ray binaries, 
astronomers still don’t know what causes them. 
Theorists have long suspected that they relate to 
characteristic timescales in the flow of plasma 
on to the black hole. A good candidate would 
be orbital timescales in the spinning accretion 
disk, which channels most of the plasma on to 
the black hole in a well-defined flow that may 
be capable of producing coherent oscillations. 
However, this picture suffers from a major 
drawback — QPOs in X-ray binaries seem to 
be strongest in the emission from the hottest 
plasma, which is probably not confined to the 
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To confirm the functional role of the 
hedgehog pathway in stroma, Yauch and col- 
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human tumours (with or without mutations 
in the hedgehog pathway) transplanted into 
mice. The effect they observe, however, is less 
dramatic than that seen*’ when mouse 
tumours carrying intrinsic hedgehog-pathway 
mutations are eliminated. For most cancers, 
therefore, HhAntag may be more appropriate 
as an adjunct therapy. This would provide a 
powerful one-two punch, in which HhAntag 
targeting the stroma complements a primary 
therapy directed against tumour cells. 

Another unresolved problem is how to iden- 
tify the potentially large class of tumours that 
lack mutations in the hedgehog pathway and 
yet could benefit from such treatment. Expres- 
sion of hedgehog proteins by tumours is a good 
indicator of susceptibility, but not an absolute 
criterion. Understanding the biology of tumour 
communication with its microenvironment 
would help in making such assessments. The 
good news is that both of hedgehog’s great 
tricks (intrinsic and extrinsic signalling in 
tumours) can be exploited by HhAntag for the 
benefit of patients with cancer. = 
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in our Galaxy that contain black holes. Observations of an unusual active 
galaxy provide compelling evidence that these systems are indeed related. 


“Black holes have no hair.” This famous com- 
ment by John Wheeler encapsulates the idea 
that black holes are inherently simple objects, 
specified only by their mass, spin and electric 
charge. It also extends to their nearby environ- 
ments. The superheated, X-ray-emitting gas 
that is pulled in, or ‘accreted, from a black 
hole’s surroundings is predicted to show the 
same behaviour whether it is torn from a nor- 
mal star by a ten-solar-mass black-hole com- 
panion — a system known as an X-ray binary 
— or accreted from the innermost regions of 
an ‘active’ galaxy by a central, supermassive 
black hole (of 10°-10" solar masses). This pre- 
diction has been borne out by the discovery of 
many features common to X-ray binaries and 
their supermassive cousins, including power- 
ful jets of radio-emitting plasma’, relativisti- 
cally broadened fluorescent emission lines* 
and characteristic variability timescales that 
scale with black-hole mass’. 

But one feature has been missing. For more 
than 20 years, X-ray binaries have been known 
to show rapid, almost periodic oscillations 
in their X-ray emission‘, but no such ‘quasi- 
periodic oscillations’ (QPOs) have been seen 
in the otherwise similar X-ray emissions of 
active galaxies. Observations by the XMM- 
Newton observatory, reported by Gierlinski 
et al.” on page 369 of this issue, now reveal the 
first X-ray QPO in an active galaxy, providing 
a further link between black holes across the 
mass scale. 

Claims of QPOs in active galaxies have been 
made before, but this is the first one in which 
astronomers can have real confidence. The best 
previous claim was made from data obtained 
with a non-imaging detector, and was later 
found to be caused by X-rays emitted by a star 
that also exhibits QPOs (a cataclysmic variable 
star), and that happened to lie in the same field 
of view as the target active galaxy®. By contrast, 
XMM-Newton is an imaging instrument, and 
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the QPO reported by Gierlirski et al.° comes 
unambiguously from the target active galaxy, 
RE J1034+396. Other QPO claims were 
rejected’ after more careful tests that took 
into account the presence of flicker-noise- 
type fluctuations, which are ubiquitous in the 
X-ray emission from active galaxies. The QPO 
in RE J1034+396 passes these tests with flying 
colours, largely because the oscillation is highly 
coherent, showing almost exactly periodic 
variations over 16 of the 24 roughly 1-hour 
cycles of oscillation that could be observed. 
The detection is also helped by the apparent 
weakness of the flicker noise, with most of the 
variability being concentrated in the QPO and 
not over a broad range of timescales. 

The discovery’ of the first QPO in an active 
galaxy extends the similarity of stellar-mass 
and supermassive black holes to new terri- 
tory. But interpreting the QPO is difficult. 
A whole array of QPO periods, covering a wide 
range of timescales, is seen in X-ray binaries 
— which one, if any, corresponds to the QPO 
in RE J1034+396? To identify it, one would 
need to know the mass of the black hole, 
which acts as a scaling factor in determining 
the rate of oscillation. But this is not known 
for RE J1034+396. 

Even more difficult is the question of the 
origin of QPOs. Despite many examples, and 
decades of study of QPOs in X-ray binaries, 
astronomers still don’t know what causes them. 
Theorists have long suspected that they relate to 
characteristic timescales in the flow of plasma 
on to the black hole. A good candidate would 
be orbital timescales in the spinning accretion 
disk, which channels most of the plasma on to 
the black hole in a well-defined flow that may 
be capable of producing coherent oscillations. 
However, this picture suffers from a major 
drawback — QPOs in X-ray binaries seem to 
be strongest in the emission from the hottest 
plasma, which is probably not confined to the 
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disk. The QPO in RE J1034+396 also seems to 
follow this trend. 

More detailed simulations of the gas flow and 
interactions between the disk and hot plasma, 
including radiation effects, may help to solve 
these problems. But such advances are some 
way off. Even so, the study of QPOs in active 
galaxies such as RE J1034+396 could provide a 
unique insight into their origin. This is because 
the QPOs from supermassive black holes are 
much slower than their counterparts in X-ray 
binaries, so that many more X-ray photons can 
be accumulated over each cycle of the oscilla- 
tion. This means that the QPOs in active gal- 
axies can be studied in exquisite slow-motion 
detail, which should surely constrain models for 
their origin and shed light on conditions close to 
the black hole, where the oscillations are likely 
to be produced. The QPO in RE J1034+396 
already suggests that these fluctuations can be 
much more coherent over short timescales than 
was previously thought possible on the basis of 
observations of X-ray-binary QPOs. 

Although more detailed X-ray observations 
of the QPO in RE J1034+396 are warranted, 
further examples of QPOs in other active 


galaxies will be required to make broader 
progress. They may, however, be rare. Gierlinski 
et al.” note that RE J1034+396 is an unusual 
active galaxy, with a broadband spectrum that 
suggests an extremely high rate of accretion 
of gas onto the black hole. It seems unlikely 
to be a coincidence that the first active-gal- 
axy QPO has been found in one of the most 
extreme types of these galaxies. Perhaps there 
is something about the exceptional fuelling rate 
in RE J1034+396 that favours QPO produc- 
tion. If so, that might make further examples 
difficult to find. a 
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DEVELOPMENTAL NEUROSCIENCE 


Hox and Fox 


Samuel L. Pfaff 


A network of Hox factors specifies the identity of motor neurons in the 
spinal cord. Studies of an essential Fox-class accessory factor illuminate the 
developmental and evolutionary subtlety of the process. 


The vertebrate central nervous system (CNS) 
contains many classes of neurons that have 
specialized properties. Imagine the problem 
of creating this cellular diversity, in which 
neurons that look alike have in fact acquired 
fine-grained distinctions to ensure that the 
proper synaptic connections with other neu- 
rons are established and maintained. There are 
an estimated 100 trillion synapses in the brains 
of the most complex vertebrates, and neuro- 
biologists are finding that nature has devised 
a multitude of clever strategies to guide neuron 
development and connectivity. 

Remarkable inroads into understanding 
these strategies have been made by examin- 
ing the development ofa relatively simple part 
of the CNS — the spinal cord’. Most notably, 
it has been discovered that the evolutionarily 
conserved Hox family of gene transcription 
factors operates in a sophisticated cross-regu- 
latory network to specify individual subtypes 
of motor neurons that are preordained to con- 
nect with specific muscles and ganglia in the 
periphery of an animal’. Work published in 
Cell (Dasen et al.)* and Neuron (Rousso et al.)* 
peels away a further layer of the developmen- 
tal onion. The two papers report that another 


transcription factor, called FoxP1, helps Hox 
proteins to regulate the genes that control 
motor-neuron diversification. 

Motor neurons represent the final command 
stage in a chain of cells extending from the 
brain to the spinal cord. They trigger activity in 
the autonomic (sympathetic) nervous system, 
such as sweating under stressful conditions, 
and they send instructions to muscles in the 
form of the neurotransmitter molecule acetyl- 
choline that cause the muscles to contract. 
Motor coordination is achieved by the precise 
spatial and temporal control of hundreds of 
muscles. Consequently, the complexity of the 
musculoskeletal system is mirrored by a simi- 
larly complex arrangement of motor neurons 
in the spinal cord. 

During embryo formation, motor neurons 
grow axons to their appropriate muscles in 
the periphery — the equivalent in IT terms 
of threading Internet cable to its destination. 
Among the motor-neuron subclasses exam- 
ined by Dasen et al.’ and Rousso et al.* were 
the median motor column (MMC) neurons 
that innervate axial muscles supporting pos- 
ture; the hypaxial motor column (HMC) neu- 
rons that innervate body-wall muscles around 
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Figure 1| Neuron specification in the spinal 

cord of embryonic mice**. a, In normal mice, 
Hox genes and Foxp1 interact to generate the 
correct subclass of motor neuron at the brachial, 
thoracic and lumbar levels of the spinal cord. The 
cell bodies of the neurons align into longitudinal 
columns called the LMC, which innervates limbs; 
MMC, which innervates axial muscles; HMC, 
which innervates body-wall muscles; and PGC, 
which innervates ganglia of the sympathetic 
nervous system. b, Mutations in Foxp1 disrupt 
Hox activity involved in specifying the LMC 

and PGC. The spinal cord of Foxp1 mutant mice 
defaults to generating motor neurons such as 
those of more primitive vertebrates, for example 
the lamprey. (Based on Fig. 1 of ref. 3.) 


the rib cage; the preganglionic motor column 
(PGC) neurons that innervate peripheral gan- 
glia of the autonomic nervous system; and the 
lateral motor column (LMC) neurons that 
innervate muscles in the arms and legs. The 
motor neurons in the spinal cord and the mus- 
cles they control are typically in register with 
one another (Fig. 1a). LMC neurons occur 
only in the brachial and lumbar spinal cord, 
aligned with the arms and legs respectively (or 
wings/legs in birds and fins and fish), whereas 
HMC neurons are located at thoracic levels 
where the rib cage is present. 

The spinal cord is derived from undifferen- 
tiated cells that comprise the embryo’s neural 
tube. The generation of specific subtypes of 
motor neuron is initiated by cell-cell inter- 
actions mediated by different secreted factors 
that in effect create an x, y, z coordinate 
system’. In general, these signals activate 
intracellular pathways that eventually cul- 
minate in the transcription or repression of 
genes needed for the specialized properties 
of each type of motor neuron. Multiple layers 
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disk. The QPO in RE J1034+396 also seems to 
follow this trend. 

More detailed simulations of the gas flow and 
interactions between the disk and hot plasma, 
including radiation effects, may help to solve 
these problems. But such advances are some 
way off. Even so, the study of QPOs in active 
galaxies such as RE J1034+396 could provide a 
unique insight into their origin. This is because 
the QPOs from supermassive black holes are 
much slower than their counterparts in X-ray 
binaries, so that many more X-ray photons can 
be accumulated over each cycle of the oscilla- 
tion. This means that the QPOs in active gal- 
axies can be studied in exquisite slow-motion 
detail, which should surely constrain models for 
their origin and shed light on conditions close to 
the black hole, where the oscillations are likely 
to be produced. The QPO in RE J1034+396 
already suggests that these fluctuations can be 
much more coherent over short timescales than 
was previously thought possible on the basis of 
observations of X-ray-binary QPOs. 

Although more detailed X-ray observations 
of the QPO in RE J1034+396 are warranted, 
further examples of QPOs in other active 


galaxies will be required to make broader 
progress. They may, however, be rare. Gierlinski 
et al.” note that RE J1034+396 is an unusual 
active galaxy, with a broadband spectrum that 
suggests an extremely high rate of accretion 
of gas onto the black hole. It seems unlikely 
to be a coincidence that the first active-gal- 
axy QPO has been found in one of the most 
extreme types of these galaxies. Perhaps there 
is something about the exceptional fuelling rate 
in RE J1034+396 that favours QPO produc- 
tion. If so, that might make further examples 
difficult to find. a 
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cord of embryonic mice**. a, In normal mice, 
Hox genes and Foxp1 interact to generate the 
correct subclass of motor neuron at the brachial, 
thoracic and lumbar levels of the spinal cord. The 
cell bodies of the neurons align into longitudinal 
columns called the LMC, which innervates limbs; 
MMC, which innervates axial muscles; HMC, 
which innervates body-wall muscles; and PGC, 
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and PGC. The spinal cord of Foxp1 mutant mice 
defaults to generating motor neurons such as 
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the rib cage; the preganglionic motor column 
(PGC) neurons that innervate peripheral gan- 
glia of the autonomic nervous system; and the 
lateral motor column (LMC) neurons that 
innervate muscles in the arms and legs. The 
motor neurons in the spinal cord and the mus- 
cles they control are typically in register with 
one another (Fig. 1a). LMC neurons occur 
only in the brachial and lumbar spinal cord, 
aligned with the arms and legs respectively (or 
wings/legs in birds and fins and fish), whereas 
HMC neurons are located at thoracic levels 
where the rib cage is present. 

The spinal cord is derived from undifferen- 
tiated cells that comprise the embryo’s neural 
tube. The generation of specific subtypes of 
motor neuron is initiated by cell-cell inter- 
actions mediated by different secreted factors 
that in effect create an x, y, z coordinate 
system’. In general, these signals activate 
intracellular pathways that eventually cul- 
minate in the transcription or repression of 
genes needed for the specialized properties 
of each type of motor neuron. Multiple layers 
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of transcription factors are then involved in 
establishing motor-neuron identity’, with the 
Hox family lying at the core of the circuitry. 
Hox genes have undergone several duplications 
in more highly evolved vertebrates, presum- 
ably to expand their repertoire of functions. In 
mice, for example, Hox6 proteins contribute to 
the specification of brachial LMC motor neu- 
rons, Hox9 specify PGC neurons, and Hox10 
specify lumbar LMC neurons. 

In some cases, however, Hox expression 
imprecisely correlates with motor-neuron 
subtype. Dasen et al.’ and Rousso et al.* set out 
to understand why, starting with the knowl- 
edge that Hox proteins typically function with 
cofactors such as Meis, Pbx/Prep, Engrailed 
and Fox®”. Meis and Pbx/Prep are not restricted 
to particular subtypes, and Engrailed is not 
expressed at all by motor neurons, so these 
were poor candidates for further study. In con- 
trast, FoxP1 looked promising, being expressed 
at low levels in PGC motor neurons and at high 
levels in LMC cells. 

Both groups** found that mutation of the 
mouse Foxp1 gene does not interfere with 
motor-neuron generation as such, but that 
PGC and LMC cells fail to emerge and motor 
neurons seem instead to remain stuck in their 
‘ground state’ and resemble HMC cells. From 
studies with the fruitfly Drosophila, we can infer 
that Hox proteins functionally interact with the 
Fox homologue called sloppy paired (Slp)°”, 
which could modify their DNA-binding and/or 
transcriptional activity. Nevertheless, Hox 
proteins also seem to have FoxP 1-independent 
functions’, and therefore individual genes in 
each motor-neuron class could contain either 
Hox-only or Hox-FoxP 1 complexes, which as 
acomposite might specify subtype identity. 

Furthermore, the concentration of FoxP1 
seems to be significant: misexpression of high 
levels favours LMC development, whereas 
low levels trigger PGC specification®. The 
mechanistic basis for this observation remains 
unknown, but one possibility is that ternary 
Hox complexes form with different amounts 
of FoxP1 and have unique activities. Under- 
standing these details might help us to 
understand how FoxP1 also functions in 
non-neuronal contexts such as cardiac- and 
blood-cell development. 

Mice lacking Foxp1 are not viable** and have 
a strange type of spinal cord that in some ways 
resembles the spinal cord of more primitive 
animals (Fig. 1b). Ancient vertebrates such 
as lamprey and hagfish swim using axial and 
hypaxial muscles, and their spinal cords seem 
to have neurons of MMC and HMC character 
but not PGC and LMC cells®. The appearance of 
LMC and PGC neurons is linked to the forma- 
tion of lateral fins and limbs and a sympathetic 
nervous system — features that emerged later 
in vertebrate evolution. Although the Hox and 
Fox genes can be traced back to invertebrates, 
evolutionary pressure evidently exploited them 
to expand the repertoire of functions mediated 
by the CNS. Comparisons of the promoters of 


Fox genes and of Fox protein structures from 
different animals should help us to understand 
how genes can be co-opted from one context to 
be used in another’. rT] 
Samuel L. Pfaff is at the Howard Hughes Medical 
Institute, Gene Expression Laboratory, The Salk 
Institute for Biological Studies, 10010 North 
Torrey Pines Road, La Jolla, California 92037, USA. 
e-mail: pfaff@salk.edu 
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CON 


PHOTONICS 


Illumination for atomic movies 


Claudio Pellegrini 


Free-electron lasers could produce X-rays intense enough to make 
atomic-resolution movies. Initial designs are kilometres long, but a 
prototype working in the ultraviolet points a way to shorter machines. 


Scientists have long dreamed of having a 
video camera with which to record individual 
atoms and their motions, and perhaps even to 
follow electrons during physical, chemical and 
biological processes. Radiation of extremely 
small wavelengths is needed to resolve atomic 
and sub-atomic details, and so attention has 
focused on the use of high-energy electrons to 
produce coherent beams of X-rays. This can be 
done using new types of lasers called free-elec- 
tron lasers (FELs). However, current designs 
for these devices are enormous, with sizes on 
the scale of kilometres. Writing in Nature Pho- 
tonics, Shintake et al. report the results of the 
successful operation of a FEL that produces 


t/q) 


{ Y 


ultraviolet (UV) light, and whose design could 
lead to more manageably sized instruments. 
An X-ray free-electron laser (X-FEL) would 
allow scientists to view the molecular structure 
of a single protein or virus particle, and take 
atomic-scale motion pictures of chemical pro- 
cesses on the timescale of a few femtoseconds 
(the time it takes an electron to move around 
an atom). The world’s first X-FEL, called the 
Linear Coherent Light Source (LCLS)’, is 
already being built at the Stanford Linear Accel- 
erator Center (SLAC) and will be completed 
in 2009. A similar instrument, called XFEL’, 
will be built at the DESY synchrotron facility in 
Hamburg in the next few years by a European 


Figure 1| Long lasers. Part of a free-electron laser (FEL) at the DESY synchrotron facility in Hamburg, 
Germany. This device produces light in the ultraviolet-soft-X-ray region of the electromagnetic 
spectrum, and is a prototype for an X-ray FEL under construction at DESY. 
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of transcription factors are then involved in 
establishing motor-neuron identity’, with the 
Hox family lying at the core of the circuitry. 
Hox genes have undergone several duplications 
in more highly evolved vertebrates, presum- 
ably to expand their repertoire of functions. In 
mice, for example, Hox6 proteins contribute to 
the specification of brachial LMC motor neu- 
rons, Hox9 specify PGC neurons, and Hox10 
specify lumbar LMC neurons. 

In some cases, however, Hox expression 
imprecisely correlates with motor-neuron 
subtype. Dasen et al.’ and Rousso et al.* set out 
to understand why, starting with the knowl- 
edge that Hox proteins typically function with 
cofactors such as Meis, Pbx/Prep, Engrailed 
and Fox®”. Meis and Pbx/Prep are not restricted 
to particular subtypes, and Engrailed is not 
expressed at all by motor neurons, so these 
were poor candidates for further study. In con- 
trast, FoxP1 looked promising, being expressed 
at low levels in PGC motor neurons and at high 
levels in LMC cells. 

Both groups** found that mutation of the 
mouse Foxp1 gene does not interfere with 
motor-neuron generation as such, but that 
PGC and LMC cells fail to emerge and motor 
neurons seem instead to remain stuck in their 
‘ground state’ and resemble HMC cells. From 
studies with the fruitfly Drosophila, we can infer 
that Hox proteins functionally interact with the 
Fox homologue called sloppy paired (Slp)°”, 
which could modify their DNA-binding and/or 
transcriptional activity. Nevertheless, Hox 
proteins also seem to have FoxP 1-independent 
functions’, and therefore individual genes in 
each motor-neuron class could contain either 
Hox-only or Hox-FoxP 1 complexes, which as 
acomposite might specify subtype identity. 

Furthermore, the concentration of FoxP1 
seems to be significant: misexpression of high 
levels favours LMC development, whereas 
low levels trigger PGC specification®. The 
mechanistic basis for this observation remains 
unknown, but one possibility is that ternary 
Hox complexes form with different amounts 
of FoxP1 and have unique activities. Under- 
standing these details might help us to 
understand how FoxP1 also functions in 
non-neuronal contexts such as cardiac- and 
blood-cell development. 

Mice lacking Foxp1 are not viable** and have 
a strange type of spinal cord that in some ways 
resembles the spinal cord of more primitive 
animals (Fig. 1b). Ancient vertebrates such 
as lamprey and hagfish swim using axial and 
hypaxial muscles, and their spinal cords seem 
to have neurons of MMC and HMC character 
but not PGC and LMC cells®. The appearance of 
LMC and PGC neurons is linked to the forma- 
tion of lateral fins and limbs and a sympathetic 
nervous system — features that emerged later 
in vertebrate evolution. Although the Hox and 
Fox genes can be traced back to invertebrates, 
evolutionary pressure evidently exploited them 
to expand the repertoire of functions mediated 
by the CNS. Comparisons of the promoters of 


Fox genes and of Fox protein structures from 
different animals should help us to understand 
how genes can be co-opted from one context to 
be used in another’. rT] 
Samuel L. Pfaff is at the Howard Hughes Medical 
Institute, Gene Expression Laboratory, The Salk 
Institute for Biological Studies, 10010 North 
Torrey Pines Road, La Jolla, California 92037, USA. 
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Illumination for atomic movies 


Claudio Pellegrini 


Free-electron lasers could produce X-rays intense enough to make 
atomic-resolution movies. Initial designs are kilometres long, but a 
prototype working in the ultraviolet points a way to shorter machines. 


Scientists have long dreamed of having a 
video camera with which to record individual 
atoms and their motions, and perhaps even to 
follow electrons during physical, chemical and 
biological processes. Radiation of extremely 
small wavelengths is needed to resolve atomic 
and sub-atomic details, and so attention has 
focused on the use of high-energy electrons to 
produce coherent beams of X-rays. This can be 
done using new types of lasers called free-elec- 
tron lasers (FELs). However, current designs 
for these devices are enormous, with sizes on 
the scale of kilometres. Writing in Nature Pho- 
tonics, Shintake et al. report the results of the 
successful operation of a FEL that produces 
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ultraviolet (UV) light, and whose design could 
lead to more manageably sized instruments. 
An X-ray free-electron laser (X-FEL) would 
allow scientists to view the molecular structure 
of a single protein or virus particle, and take 
atomic-scale motion pictures of chemical pro- 
cesses on the timescale of a few femtoseconds 
(the time it takes an electron to move around 
an atom). The world’s first X-FEL, called the 
Linear Coherent Light Source (LCLS)’, is 
already being built at the Stanford Linear Accel- 
erator Center (SLAC) and will be completed 
in 2009. A similar instrument, called XFEL’, 
will be built at the DESY synchrotron facility in 
Hamburg in the next few years by a European 


Figure 1| Long lasers. Part of a free-electron laser (FEL) at the DESY synchrotron facility in Hamburg, 
Germany. This device produces light in the ultraviolet-soft-X-ray region of the electromagnetic 
spectrum, and is a prototype for an X-ray FEL under construction at DESY. 
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CLIMATE SCIENCE 


A bright side of precipitation 


During the period 1986-2000, 
the world — or at least its 
terrestrial parts — became wetter. 
On average, the increase in 
precipitation over this time 

was 3.5mm yr |. In other 

words, the hydrological cycle 
intensified, and Martin Wild and 
his colleagues set themselves 

the task of investigating the 
factors responsible (M. Wild, 

J. Grieser and C. Schar Geophys. 
Res, Lett. 35, L17706, doi:10.1029/ 
2008GL034842; 2008). 

The strength of the main engine 
that powers the hydrological cycle 
depends on the balance of radiative 
energy at Earth's surface. That 
balance in turn depends, first, on the 
amount of solar radiation absorbed 
by the surface, and second, on the 
difference between the amount of 
thermal radiation being transmitted 


upwards into the atmosphere 
(upward radiation) and that being 
re-radiated back (downward 
radiation, which is controlled by 
the greenhouse capacity of the 
atmosphere). The sum of these 
fluxes determines the amount 

of energy that is available for the 
latent heat of evaporation, which 
drives precipitation. Any change 
in these fluxes induces changes 
in evaporation and precipitation, 
and thus in the intensity of the 
hydrological cycle. 

For their calculations, the authors 
drew from two sources: the Global 
Energy Balance Archive and 
the Baseline Surface Radiation 
Network. The latter provides more 
sophisticated data, but started 
up only in the 1990s. Another 
consideration in the calculations 
was the serious but temporary 


effects on radiation balance of 
the huge emissions from the 1991 
eruption of Mount Pinatubo in 
the Philippines, which lasted for 
several years. 

After accounting for those effects, 
Wild et al. conclude that there has 
been a steady rise in net surface 
radiation of 0.2 W m~yr' between 
1986 and 2000. They mention 
two possible causes. One is ‘solar 
brightening’ — a rise in surface 
radiation resulting from a more 
transparent atmosphere caused 
by adecrease in anthropogenic 
aerosols. The other is amore 
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powerful greenhouse effect, 
increasing downward radiation. 

As the authors point out, their 
study cannot provide a truly 
global picture because of the 
lack of data from the oceans. But 
their calculated rise in net surface 
radiation fits well with the estimate 
of energy flux required to drive the 
rise in precipitation. This provides 
a satisfying first-order numerical 
link between the changes in 
precipitation and radiation, recorded 
in independent data sets, over the 
15-year period of their study. 
Tim Lincoln 


collaboration (Fig. 1). For all their promise, the 
LCLS and XFEL are large and expensive; the 
LCLS is about 2 kilometres long, and XFEL will 
be even longer. The construction cost for the 
LCLS, which uses an existing particle accelera- 
tor, is about €300 million ($450 million), and 
XFEL will cost about €1 billion. 

Shintake and colleagues are part of a team 
designing a Japanese X-FEL called the SPring- 
8 Compact Self-Amplified Spontaneous 
Emission Source (SCSS), which is planned 
for construction in the near future*. The work 
they now describe’ uses a smaller-scale FEL, 
working at UV wavelengths, to show that 
cheaper and smaller X-FELs can be made by 
taking advantage of advances in the physics 
and technology of electron beams. 

FELs operate by combining the technology 
of lasers and electron accelerators (Fig. 2). 
A particle accelerator produces electrons mov- 
ing at close to the speed of light. These pass 
through a magnet, which causes them to follow 


a sinusoidal trajectory. The acceleration due to 
the bending of the electrons by this ‘undula- 
tor’ magnet produces electromagnetic waves. 
These have a wavelength that is proportional 
to the oscillation period of the sinusoidal path 
and inversely proportional to the square of the 
electron energy. Typically, the oscillation has 
a period of a few centimetres, and therefore, 
to produce X-rays with a wavelength of about 
10 '° metres (1 angstrom, the typical size ofan 
atom), electrons are required that have energies 
of up to 15 gigaelectronvolts. For comparison, 
the energy of electrons produced by medical 
electron linear accelerators — used in many 
hospitals for radiation therapy — is 1,000 times 
smaller than this value. Medical accelerators 
are about a metre long; ifan X-FEL accelerator 
were to be constructed using the same technol- 
ogy, it would need to be around a kilometre 
long. The length of the undulator magnet alone 
would be about 100 metres, and so, including 
space for X-ray diagnostic and manipulation 
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Electromagnetic radiation 


Undulator magnet 


Figure 2 | X-ray specs. A free-electron laser (FEL) consists of a linear accelerator producing a beam of 
high-energy electrons that then pass through an ‘undulator’ magnet. This magnet bends the electrons 
into a sinusoidal path, causing them to emit electromagnetic radiation whose frequency depends on 
the energy of the electrons and the wavelength of their undulations. Using current technology, a FEL 
that emits X-rays would be several kilometres long, but the approach tested by Shintake et al.' on an 
ultraviolet-emitting device could reduce the size two- to threefold. 
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equipment, the entire X-FEL would measure 
a few kilometres. 

One way to make X-FEL sources more man- 
ageable would be to reduce the electron-beam 
energy but to force the electrons into tighter 
undulations. This would have the effect of 
making both the accelerator and undulator 
shorter. Shintake et al.' show that the accelera- 
tor length can be reduced by using a ‘C-band’ 
high-frequency accelerator, a technology devel- 
oped for the construction of high-energy elec- 
tron-positron linear colliders’. Other advances 
involved are an improved electron source and 
an undulator magnet with smaller period and 
shorter length. When combined in the SCSS 
design, these advances would lead to a more 
compact X-FEL. 

An even more advanced instrument under 
consideration®” is a high-gradient accel- 
erator driven by a phenomenon known as a 
laser-plasma wakefield, which is created by 
passing a brief laser pulse through a plasma 
of charged particles. Whereas Shintake and 
colleagues’ approach can decrease the length 
of the accelerator to around a half or a third of 
that possible now, the laser-plasma accelerator 
could provide a 100-fold reduction. However, 
it is still at the exploration and proof-of- 
principle stage. 

The size and cost of an X-FEL could also 
be reduced by using sources that produce 
electron beams with higher electron density 
and smaller variation in momentum than are 
currently available; together, these properties 
are described as the beam emittance. Smaller- 
emittance electron beams would allow the 
use of lower electron energies, and shortened 
accelerators and undulators. Emittance could 
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be reduced by optimizing the charge and vol- 
ume of the bunches of electrons produced 
from the source’, a prediction confirmed by 
initial results at SLAC (P. Emma and D. Dowell, 
personal communication). Combining this 
approach with a high-gradient accelerator such 
as that used by Shintake et al.' would reduce 
the size and cost of FELs still further. 

Because any reduction in cost and size 
also implies a reduction in the average 
number of photons produced, some experi- 
ments will always require large facilities such 
as the LCLS or XFEL. The new smaller sys- 
tems would nevertheless add significantly 
to our experimental capabilities. There is a 
new world to explore at atomic and molecu- 
lar scales of time and distance, and a multi- 
plicity of approaches, such as that described 
by Shintake et al., together with other FEL 


systems, would speed up the exploration of 
this uncharted territory. a 
Claudio Pellegrini is inthe Department of Physics 
and Astronomy, University of California, Los 
Angeles, Los Angeles, California 90095, USA. 
e-mail: pellegrini@physics.ucla.edu 
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OPTICS 


Farewell to Flatland 


Ortwin Hess 


Metamaterials are the key to perfect lenses, ‘invisibility’ cloaks and slow 
and stored broadband light. A three-dimensional optical metamaterial with 
a negative refractive index has now been created. 


Picture a straw in a glass of water. Looking 
at the glass from the side, the straw seems to 
break at the water surface and continue inside 
the liquid slightly shifted to one side and 
slightly wider than in the air. The difference 
between the ‘optical density’ of water and air, 
which is responsible for this phenomenon, is 
usually expressed in terms of the materials’ 
refractive indices — that of water is higher 
than that of air. All naturally occurring mate- 
rials, such as water, have a positive refrac- 
tive index. However, if water had a negative 
refractive index, the straw would seem to be 
slightly shifted at the interface but would con- 
tinue inside the water as if it had been shifted 
‘the wrong way (Fig. 1, overleaf). 

This unusual light-bending property is a 
feature of metamaterials — artificially engi- 
neered structures — with a negative refrac- 
tive index. Part of the excitement surrounding 
these materials is that they could be engineered 
to ‘cloak’ objects from electromagnetic radia- 
tion such as light — that is, make them seem 
invisible’. On page 376 of this issue, Valentine 
et al.” report a three-dimensional ‘fishnet’ meta- 
material consisting of alternating layers of silver 
and magnesium fluoride. This exceptional mate- 
rial exhibits a negative refractive index across a 
broad region of the electromagnetic spectrum. 

For some time, Victor Veselago’s 1960s 
Gedankenexperiment of a negative refrac- 
tive index’ seemed little more than just that, 
a ‘thought experiment’ It was not until 2000, 
when John Pendry proposed that a material 


with a negative refractive index would make a 
‘perfect’ lens’, that negative refraction began to 
attract increasing attention®. But optical nega- 
tive-index metamaterials have so far effectively 
been two-dimensional surfaces, very much at 
home in the two-dimensional Flatland world 
of Edwin Abbott's classic novella®. 

Recently, materials such as semiconductor 
metamaterials’ and composite nanowire mate- 
rials®, which display negative refraction but do 
not have a bulk negative refractive index, have 
been manufactured. So how can we tell that the 
remarkable chunk of nano-structured material 
reported by Valentine and colleagues’ really 
does exhibit a bulk three-dimensional negative 
refractive index? To confirm this, we will need 
to be sure of two features of the material. 

First, are the unit cells, the ‘atoms’ of the 
metamaterial, sufficiently small relative to the 
wavelength (colour) of light for the material 
viewed with such light to appear homogene- 
ous, and for the individual unit cells not to be 
apparent? The dimensions of the material's unit 
cell (80 nm x 860 nm x 265 nm) mean that it is 
not yet quite isotropic. However, particularly in 
the case of light travelling close to perpendicu- 
larly to the fishnet-structure layers, the periodi- 
city (separation) of the layers is clearly much 
smaller than the light’s wavelength. Moreover, 
the metamaterial’s dispersion relation, which 
describes the way wave propagation varies with 
wavelength, reveals that in the negative-index 
regime there is a single propagating mode 
(with approximately fixed frequency) that can 
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50 YEARS AGO 

The Committee for 

Biological Acoustics organized 
a demonstration meeting to 
illustrate the wide range of 
research in this comparatively 
new and expanding field... 

The progress made in the 
United States in underwater 
recording was emphasized 

by a demonstration of the 
acoustic emission of whales 

by Dr. W.E. Schevill... 

Mr E. F. Woods, of the B.B.C., 
demonstrated his work on 

the sounds of colonies of 

honey bees, while developing an 
electronic device, the ‘Apidictor’, 
which can assist apiarists in 
detecting the onset of swarming 
in hives. 

From Nature 20 September 1958. 


100 YEARS AGO 

Coast Erosion and Foreshore 
Protection. By John S. Owens and 
Gerald O. Case — The authors 


very properly point out that there 


is no one method of protection 
that can be applied to all coasts, 
but that each shore much be 
considered on its merits, and 
that it is only after due 
consideration has been given 

to the special circumstances 
which may influence the effect 
of the sea upon any particular 
shore that the proper remedy 
can be designed ... The chapter 
on ferro-concrete groynes 
contains much useful informal 
information on the application 
of this material to sea defence 
work, and gives illustrations 
and cost of works carried out 
for the protection of the coast of 


Sussex. The cost of these groynes 


is given as twenty shillings a foot 
run, which compares favourably 
with timber. 

ALSO: 

An appliance for working 

the keyboard of a typewriter 
ona type-setting machine 

froma distance by means of 
wireless telegraphy has been 
devised by Mr. Hans Knudsen, 
and a demonstration of the 
experimental apparatus was 
given at the Hotel Cecil on 
Thursday last. 

From Nature 24 September 1908. 
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CLIMATE SCIENCE 


A bright side of precipitation 


During the period 1986-2000, 
the world — or at least its 
terrestrial parts — became wetter. 
On average, the increase in 
precipitation over this time 

was 3.5mm yr |. In other 

words, the hydrological cycle 
intensified, and Martin Wild and 
his colleagues set themselves 

the task of investigating the 
factors responsible (M. Wild, 

J. Grieser and C. Schar Geophys. 
Res, Lett. 35, L17706, doi:10.1029/ 
2008GL034842; 2008). 

The strength of the main engine 
that powers the hydrological cycle 
depends on the balance of radiative 
energy at Earth's surface. That 
balance in turn depends, first, on the 
amount of solar radiation absorbed 
by the surface, and second, on the 
difference between the amount of 
thermal radiation being transmitted 


upwards into the atmosphere 
(upward radiation) and that being 
re-radiated back (downward 
radiation, which is controlled by 
the greenhouse capacity of the 
atmosphere). The sum of these 
fluxes determines the amount 

of energy that is available for the 
latent heat of evaporation, which 
drives precipitation. Any change 
in these fluxes induces changes 
in evaporation and precipitation, 
and thus in the intensity of the 
hydrological cycle. 

For their calculations, the authors 
drew from two sources: the Global 
Energy Balance Archive and 
the Baseline Surface Radiation 
Network. The latter provides more 
sophisticated data, but started 
up only in the 1990s. Another 
consideration in the calculations 
was the serious but temporary 


effects on radiation balance of 
the huge emissions from the 1991 
eruption of Mount Pinatubo in 
the Philippines, which lasted for 
several years. 

After accounting for those effects, 
Wild et al. conclude that there has 
been a steady rise in net surface 
radiation of 0.2 W m~yr' between 
1986 and 2000. They mention 
two possible causes. One is ‘solar 
brightening’ — a rise in surface 
radiation resulting from a more 
transparent atmosphere caused 
by adecrease in anthropogenic 
aerosols. The other is amore 
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powerful greenhouse effect, 
increasing downward radiation. 

As the authors point out, their 
study cannot provide a truly 
global picture because of the 
lack of data from the oceans. But 
their calculated rise in net surface 
radiation fits well with the estimate 
of energy flux required to drive the 
rise in precipitation. This provides 
a satisfying first-order numerical 
link between the changes in 
precipitation and radiation, recorded 
in independent data sets, over the 
15-year period of their study. 
Tim Lincoln 


collaboration (Fig. 1). For all their promise, the 
LCLS and XFEL are large and expensive; the 
LCLS is about 2 kilometres long, and XFEL will 
be even longer. The construction cost for the 
LCLS, which uses an existing particle accelera- 
tor, is about €300 million ($450 million), and 
XFEL will cost about €1 billion. 

Shintake and colleagues are part of a team 
designing a Japanese X-FEL called the SPring- 
8 Compact Self-Amplified Spontaneous 
Emission Source (SCSS), which is planned 
for construction in the near future*. The work 
they now describe’ uses a smaller-scale FEL, 
working at UV wavelengths, to show that 
cheaper and smaller X-FELs can be made by 
taking advantage of advances in the physics 
and technology of electron beams. 

FELs operate by combining the technology 
of lasers and electron accelerators (Fig. 2). 
A particle accelerator produces electrons mov- 
ing at close to the speed of light. These pass 
through a magnet, which causes them to follow 


a sinusoidal trajectory. The acceleration due to 
the bending of the electrons by this ‘undula- 
tor’ magnet produces electromagnetic waves. 
These have a wavelength that is proportional 
to the oscillation period of the sinusoidal path 
and inversely proportional to the square of the 
electron energy. Typically, the oscillation has 
a period of a few centimetres, and therefore, 
to produce X-rays with a wavelength of about 
10 '° metres (1 angstrom, the typical size ofan 
atom), electrons are required that have energies 
of up to 15 gigaelectronvolts. For comparison, 
the energy of electrons produced by medical 
electron linear accelerators — used in many 
hospitals for radiation therapy — is 1,000 times 
smaller than this value. Medical accelerators 
are about a metre long; ifan X-FEL accelerator 
were to be constructed using the same technol- 
ogy, it would need to be around a kilometre 
long. The length of the undulator magnet alone 
would be about 100 metres, and so, including 
space for X-ray diagnostic and manipulation 


beam 


——S 


Electron accelerator 
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Electromagnetic radiation 


Undulator magnet 


Figure 2 | X-ray specs. A free-electron laser (FEL) consists of a linear accelerator producing a beam of 
high-energy electrons that then pass through an ‘undulator’ magnet. This magnet bends the electrons 
into a sinusoidal path, causing them to emit electromagnetic radiation whose frequency depends on 
the energy of the electrons and the wavelength of their undulations. Using current technology, a FEL 
that emits X-rays would be several kilometres long, but the approach tested by Shintake et al.' on an 
ultraviolet-emitting device could reduce the size two- to threefold. 
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equipment, the entire X-FEL would measure 
a few kilometres. 

One way to make X-FEL sources more man- 
ageable would be to reduce the electron-beam 
energy but to force the electrons into tighter 
undulations. This would have the effect of 
making both the accelerator and undulator 
shorter. Shintake et al.' show that the accelera- 
tor length can be reduced by using a ‘C-band’ 
high-frequency accelerator, a technology devel- 
oped for the construction of high-energy elec- 
tron-positron linear colliders’. Other advances 
involved are an improved electron source and 
an undulator magnet with smaller period and 
shorter length. When combined in the SCSS 
design, these advances would lead to a more 
compact X-FEL. 

An even more advanced instrument under 
consideration®” is a high-gradient accel- 
erator driven by a phenomenon known as a 
laser-plasma wakefield, which is created by 
passing a brief laser pulse through a plasma 
of charged particles. Whereas Shintake and 
colleagues’ approach can decrease the length 
of the accelerator to around a half or a third of 
that possible now, the laser-plasma accelerator 
could provide a 100-fold reduction. However, 
it is still at the exploration and proof-of- 
principle stage. 

The size and cost of an X-FEL could also 
be reduced by using sources that produce 
electron beams with higher electron density 
and smaller variation in momentum than are 
currently available; together, these properties 
are described as the beam emittance. Smaller- 
emittance electron beams would allow the 
use of lower electron energies, and shortened 
accelerators and undulators. Emittance could 
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be reduced by optimizing the charge and vol- 
ume of the bunches of electrons produced 
from the source’, a prediction confirmed by 
initial results at SLAC (P. Emma and D. Dowell, 
personal communication). Combining this 
approach with a high-gradient accelerator such 
as that used by Shintake et al.' would reduce 
the size and cost of FELs still further. 

Because any reduction in cost and size 
also implies a reduction in the average 
number of photons produced, some experi- 
ments will always require large facilities such 
as the LCLS or XFEL. The new smaller sys- 
tems would nevertheless add significantly 
to our experimental capabilities. There is a 
new world to explore at atomic and molecu- 
lar scales of time and distance, and a multi- 
plicity of approaches, such as that described 
by Shintake et al., together with other FEL 


systems, would speed up the exploration of 
this uncharted territory. a 
Claudio Pellegrini is inthe Department of Physics 
and Astronomy, University of California, Los 
Angeles, Los Angeles, California 90095, USA. 
e-mail: pellegrini@physics.ucla.edu 
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OPTICS 


Farewell to Flatland 


Ortwin Hess 


Metamaterials are the key to perfect lenses, ‘invisibility’ cloaks and slow 
and stored broadband light. A three-dimensional optical metamaterial with 
a negative refractive index has now been created. 


Picture a straw in a glass of water. Looking 
at the glass from the side, the straw seems to 
break at the water surface and continue inside 
the liquid slightly shifted to one side and 
slightly wider than in the air. The difference 
between the ‘optical density’ of water and air, 
which is responsible for this phenomenon, is 
usually expressed in terms of the materials’ 
refractive indices — that of water is higher 
than that of air. All naturally occurring mate- 
rials, such as water, have a positive refrac- 
tive index. However, if water had a negative 
refractive index, the straw would seem to be 
slightly shifted at the interface but would con- 
tinue inside the water as if it had been shifted 
‘the wrong way (Fig. 1, overleaf). 

This unusual light-bending property is a 
feature of metamaterials — artificially engi- 
neered structures — with a negative refrac- 
tive index. Part of the excitement surrounding 
these materials is that they could be engineered 
to ‘cloak’ objects from electromagnetic radia- 
tion such as light — that is, make them seem 
invisible’. On page 376 of this issue, Valentine 
et al.” report a three-dimensional ‘fishnet’ meta- 
material consisting of alternating layers of silver 
and magnesium fluoride. This exceptional mate- 
rial exhibits a negative refractive index across a 
broad region of the electromagnetic spectrum. 

For some time, Victor Veselago’s 1960s 
Gedankenexperiment of a negative refrac- 
tive index’ seemed little more than just that, 
a ‘thought experiment’ It was not until 2000, 
when John Pendry proposed that a material 


with a negative refractive index would make a 
‘perfect’ lens’, that negative refraction began to 
attract increasing attention®. But optical nega- 
tive-index metamaterials have so far effectively 
been two-dimensional surfaces, very much at 
home in the two-dimensional Flatland world 
of Edwin Abbott's classic novella®. 

Recently, materials such as semiconductor 
metamaterials’ and composite nanowire mate- 
rials®, which display negative refraction but do 
not have a bulk negative refractive index, have 
been manufactured. So how can we tell that the 
remarkable chunk of nano-structured material 
reported by Valentine and colleagues’ really 
does exhibit a bulk three-dimensional negative 
refractive index? To confirm this, we will need 
to be sure of two features of the material. 

First, are the unit cells, the ‘atoms’ of the 
metamaterial, sufficiently small relative to the 
wavelength (colour) of light for the material 
viewed with such light to appear homogene- 
ous, and for the individual unit cells not to be 
apparent? The dimensions of the material's unit 
cell (80 nm x 860 nm x 265 nm) mean that it is 
not yet quite isotropic. However, particularly in 
the case of light travelling close to perpendicu- 
larly to the fishnet-structure layers, the periodi- 
city (separation) of the layers is clearly much 
smaller than the light’s wavelength. Moreover, 
the metamaterial’s dispersion relation, which 
describes the way wave propagation varies with 
wavelength, reveals that in the negative-index 
regime there is a single propagating mode 
(with approximately fixed frequency) that can 
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50 YEARS AGO 

The Committee for 

Biological Acoustics organized 
a demonstration meeting to 
illustrate the wide range of 
research in this comparatively 
new and expanding field... 

The progress made in the 
United States in underwater 
recording was emphasized 

by a demonstration of the 
acoustic emission of whales 

by Dr. W.E. Schevill... 

Mr E. F. Woods, of the B.B.C., 
demonstrated his work on 

the sounds of colonies of 

honey bees, while developing an 
electronic device, the ‘Apidictor’, 
which can assist apiarists in 
detecting the onset of swarming 
in hives. 

From Nature 20 September 1958. 


100 YEARS AGO 

Coast Erosion and Foreshore 
Protection. By John S. Owens and 
Gerald O. Case — The authors 


very properly point out that there 


is no one method of protection 
that can be applied to all coasts, 
but that each shore much be 
considered on its merits, and 
that it is only after due 
consideration has been given 

to the special circumstances 
which may influence the effect 
of the sea upon any particular 
shore that the proper remedy 
can be designed ... The chapter 
on ferro-concrete groynes 
contains much useful informal 
information on the application 
of this material to sea defence 
work, and gives illustrations 
and cost of works carried out 
for the protection of the coast of 


Sussex. The cost of these groynes 


is given as twenty shillings a foot 
run, which compares favourably 
with timber. 

ALSO: 

An appliance for working 

the keyboard of a typewriter 
ona type-setting machine 

froma distance by means of 
wireless telegraphy has been 
devised by Mr. Hans Knudsen, 
and a demonstration of the 
experimental apparatus was 
given at the Hotel Cecil on 
Thursday last. 

From Nature 24 September 1908. 
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Figure 1 | Negative refraction. The difference in the optical density of air and ‘normal’ water (left) 
causes a straw in a glass of water to seem to be shifted at the interface and slightly enlarged inside the 
liquid. In ‘negative-index water’ (right), the straw would seem to continue in ‘the wrong direction. 
This is the principle that applies to negative-index metamaterials, such as that created by Valentine et al.’. 


be associated with a propagation constant and, 
in turn, with an effective refractive index. 

Second, does the material exhibit a nega- 
tive phase velocity? In other words, how can 
we tell that the phase of a forward-moving 
wave is moving backwards inside the mate- 
rial? This might be possible if, to measure a 
beam deflected in the ‘wrong’ direction, we 
apply Snell’s law’, which relates the angles of 
incidence and refraction of a wave. However, 
even everyday optical materials, such as a bath- 
room mirror, may at least partially display the 
effects of negative refraction yet have a positive 
refractive index’®. Indeed, it is now established 
that negative refraction can occur in materials 
displaying anisotropy, such as calcite, and in 
two- or three-dimensionally structured mate- 
rials such as photonic crystals”. 

To identify the signatures of negative refrac- 
tion from a negative refractive index, Valentine 
et al.” combined experimental results with 
theoretical modelling. Experimentally, the 
authors did turn to Snell’s law to determine the 
refractive index, but crucially they retrieved its 
value from the far-field transmission pattern 
of a prism configuration representing a signa- 
ture of the (backward) phase evolution inside 
the metamaterial. Together with supporting 
theoretical simulations that show a backward- 
moving phase inside the prism, this strongly 
indicates that Valentine and colleagues’ fishnet 
structure is indeed a three-dimensional mater- 
ial with a negative refractive index. 

Another point in considering Valentine and 
colleagues’ material is whether, when light is 
shone onto it, the light lost passing through it 
is low. To be useful, materials should certainly 
not absorb all light. However, because the con- 
stituent elements of a metamaterial, particu- 
larly metals, always exhibit a loss in some part 
of the frequency spectrum, the engineering of 
losses is an important task. A promising solu- 
tion is to use nano-structuring (tightly coupled 
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nano-plasmonic resonators) to simultaneously 
increase the bandwidth and effectively shift the 
losses to a frequency range where the optics is 
not impaired. In this respect, the metamate- 
rial described by Valentine et al.” scores very 
well, with a record-breaking ‘figure of merit’ of 
3.5, indicating low loss. In addition, this meta- 
material displays a negative refractive index 
over a remarkably wide window of the spec- 
trum, ranging from around 1,800 nm to less 
than 1,500 nm. 

Finally, what uses might there be for a 
broadband, low-loss, three-dimensional optical 


material with a negative refractive index? First, 
it would be a way of constructing Pendry’s per- 
fect lens’, and thus imaging a three-dimensional 
object the size of a molecule. Second, it would 
be beneficial for electromagnetic cloaking’ and 
its applications, in that a cloaking material that 
absorbs less radiation will ideally prevent the 
cloaked object from appearing as a dark silhou- 
ette. Third, the ability to slow down and store 
broadband light using the ‘trapped rainbow’ 
principle” has clearly come closer to reality. 
Saying goodbye to Flatland and entering 
Spaceland was not only a great achievement for 
A. Square, the protagonist in Abbott’s novella. 
It is also a promising step towards producing 
optical negative-index metamaterials. The 
prospects that this step offers for research 
involving the control and manipulation of light 
could hardly be more exciting. = 
Ortwin Hess is at the Advanced Technology 
Institute and Department of Physics, University 
of Surrey, Guildford GU2 7XH, UK. 
e-mail: o.hess@surrey.ac.uk 
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BIOCHEMISTRY 


Divergence from the superfamily 


Lawrence J. Marnett 


The unique structure of an enzyme that synthesizes lipid mediators in 
plants defines its function and serves as a characteristic footprint in 


genomes of plants and some animals. 


In plants and animals, molecular signalling 
pathways that are mediated by metabolites of 
polyunsaturated fatty acids are essential for 
communication at cellular and organismal lev- 
els. For example, the plant metabolites known 
as jasmonates and green-leaf volatiles control 
not only growth but also responses to wound- 
ing and infection’’, and contribute to the 
characteristic taste and smell of certain plants. 
Jasmonates and green-leaf volatiles are formed 
from fatty-acid hydroperoxides through the 
action of the allene oxide synthase (AOS) and 
hydroperoxide lyase (HPL) enzymes, respec- 
tively**. Exactly how these enzymes react with 
their hydroperoxide substrates has remained 
unclear. The crystal structures of AOS — as 
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free enzyme and in complex with substrate 
and intermediate analogues — are presented 
by Lee et al.* on page 363 of this issue, and 
provide fascinating clues. 

Both AOSs and HPLs are members of the 
CYP74 family, which belongs to the cytochrome 
P450 (CYP) superfamily. CYP proteins contain 
a haem group, and are defined by the character- 
istic absorption of their ferrous carbon monox- 
ide complex at a wavelength of 450 nanometres. 
These enzymes catalyse oxidation reactions 
that are central to many metabolic pathways 
in a wide range of organisms — for example, 
they mediate steroid biosynthesis in humans 
and nutrient breakdown in bacteria’. To do 
this, they take two electrons from a reduct- 
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be reduced by optimizing the charge and vol- 
ume of the bunches of electrons produced 
from the source’, a prediction confirmed by 
initial results at SLAC (P. Emma and D. Dowell, 
personal communication). Combining this 
approach with a high-gradient accelerator such 
as that used by Shintake et al.' would reduce 
the size and cost of FELs still further. 

Because any reduction in cost and size 
also implies a reduction in the average 
number of photons produced, some experi- 
ments will always require large facilities such 
as the LCLS or XFEL. The new smaller sys- 
tems would nevertheless add significantly 
to our experimental capabilities. There is a 
new world to explore at atomic and molecu- 
lar scales of time and distance, and a multi- 
plicity of approaches, such as that described 
by Shintake et al., together with other FEL 


systems, would speed up the exploration of 
this uncharted territory. a 
Claudio Pellegrini is inthe Department of Physics 
and Astronomy, University of California, Los 
Angeles, Los Angeles, California 90095, USA. 
e-mail: pellegrini@physics.ucla.edu 


1. Shintake, T. et al. Nature Photonics 2, 555-559 (2008). 

2. Arthur, J. et al. www.slac.stanford.edu/cgi-wrap/getdoc/ 
slac-r-593.pdf (2002). 

3. Altarelli, M. et al. (eds) preprint at http://xfel.desy.de/tdr/ 
tdr (2006). 

4. Tanaka, T. & Shintake, T. (eds) preprint at www-xfel. 
spring8.or.jo/SCSSCDR.pdf (2005). 

5. Yokoya, K. et al. Proc. Sth Eur. Particle Accelerator Conf. 
(EPAC96), Sitges, Barcelona, KEK preprint 96-68 (1996). 

6. Schlenvoigt, H.-P. et al. Nature Phys. 4, 130-133 (2008). 

7. Schroeder, C. B., Fawley, W. M., Esarey, E. & Leemans, W. P. 
Proc. FEL 2006, preprint at www.bessy.de/fel2006/ 
proceedings/PAPERS/TUPPH055.PDF (2006). 

8. Rosenzweig, J.B. et al. Nucl. Instrum. Methods A 593, 39-44 
(2008). 


OPTICS 


Farewell to Flatland 


Ortwin Hess 


Metamaterials are the key to perfect lenses, ‘invisibility’ cloaks and slow 
and stored broadband light. A three-dimensional optical metamaterial with 
a negative refractive index has now been created. 


Picture a straw in a glass of water. Looking 
at the glass from the side, the straw seems to 
break at the water surface and continue inside 
the liquid slightly shifted to one side and 
slightly wider than in the air. The difference 
between the ‘optical density’ of water and air, 
which is responsible for this phenomenon, is 
usually expressed in terms of the materials’ 
refractive indices — that of water is higher 
than that of air. All naturally occurring mate- 
rials, such as water, have a positive refrac- 
tive index. However, if water had a negative 
refractive index, the straw would seem to be 
slightly shifted at the interface but would con- 
tinue inside the water as if it had been shifted 
‘the wrong way (Fig. 1, overleaf). 

This unusual light-bending property is a 
feature of metamaterials — artificially engi- 
neered structures — with a negative refrac- 
tive index. Part of the excitement surrounding 
these materials is that they could be engineered 
to ‘cloak’ objects from electromagnetic radia- 
tion such as light — that is, make them seem 
invisible’. On page 376 of this issue, Valentine 
et al.” report a three-dimensional ‘fishnet’ meta- 
material consisting of alternating layers of silver 
and magnesium fluoride. This exceptional mate- 
rial exhibits a negative refractive index across a 
broad region of the electromagnetic spectrum. 

For some time, Victor Veselago’s 1960s 
Gedankenexperiment of a negative refrac- 
tive index’ seemed little more than just that, 
a ‘thought experiment’ It was not until 2000, 
when John Pendry proposed that a material 


with a negative refractive index would make a 
‘perfect’ lens’, that negative refraction began to 
attract increasing attention®. But optical nega- 
tive-index metamaterials have so far effectively 
been two-dimensional surfaces, very much at 
home in the two-dimensional Flatland world 
of Edwin Abbott's classic novella®. 

Recently, materials such as semiconductor 
metamaterials’ and composite nanowire mate- 
rials®, which display negative refraction but do 
not have a bulk negative refractive index, have 
been manufactured. So how can we tell that the 
remarkable chunk of nano-structured material 
reported by Valentine and colleagues’ really 
does exhibit a bulk three-dimensional negative 
refractive index? To confirm this, we will need 
to be sure of two features of the material. 

First, are the unit cells, the ‘atoms’ of the 
metamaterial, sufficiently small relative to the 
wavelength (colour) of light for the material 
viewed with such light to appear homogene- 
ous, and for the individual unit cells not to be 
apparent? The dimensions of the material's unit 
cell (80 nm x 860 nm x 265 nm) mean that it is 
not yet quite isotropic. However, particularly in 
the case of light travelling close to perpendicu- 
larly to the fishnet-structure layers, the periodi- 
city (separation) of the layers is clearly much 
smaller than the light’s wavelength. Moreover, 
the metamaterial’s dispersion relation, which 
describes the way wave propagation varies with 
wavelength, reveals that in the negative-index 
regime there is a single propagating mode 
(with approximately fixed frequency) that can 


© 2008 Macmillan Publishers Limited. All rights reserved 


50 YEARS AGO 

The Committee for 

Biological Acoustics organized 
a demonstration meeting to 
illustrate the wide range of 
research in this comparatively 
new and expanding field... 

The progress made in the 
United States in underwater 
recording was emphasized 

by a demonstration of the 
acoustic emission of whales 

by Dr. W.E. Schevill... 

Mr E. F. Woods, of the B.B.C., 
demonstrated his work on 

the sounds of colonies of 

honey bees, while developing an 
electronic device, the ‘Apidictor’, 
which can assist apiarists in 
detecting the onset of swarming 
in hives. 

From Nature 20 September 1958. 


100 YEARS AGO 

Coast Erosion and Foreshore 
Protection. By John S. Owens and 
Gerald O. Case — The authors 


very properly point out that there 


is no one method of protection 
that can be applied to all coasts, 
but that each shore much be 
considered on its merits, and 
that it is only after due 
consideration has been given 

to the special circumstances 
which may influence the effect 
of the sea upon any particular 
shore that the proper remedy 
can be designed ... The chapter 
on ferro-concrete groynes 
contains much useful informal 
information on the application 
of this material to sea defence 
work, and gives illustrations 
and cost of works carried out 
for the protection of the coast of 


Sussex. The cost of these groynes 


is given as twenty shillings a foot 
run, which compares favourably 
with timber. 

ALSO: 

An appliance for working 

the keyboard of a typewriter 
ona type-setting machine 

froma distance by means of 
wireless telegraphy has been 
devised by Mr. Hans Knudsen, 
and a demonstration of the 
experimental apparatus was 
given at the Hotel Cecil on 
Thursday last. 

From Nature 24 September 1908. 
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Figure 1 | Negative refraction. The difference in the optical density of air and ‘normal’ water (left) 
causes a straw in a glass of water to seem to be shifted at the interface and slightly enlarged inside the 
liquid. In ‘negative-index water’ (right), the straw would seem to continue in ‘the wrong direction. 
This is the principle that applies to negative-index metamaterials, such as that created by Valentine et al.’. 


be associated with a propagation constant and, 
in turn, with an effective refractive index. 

Second, does the material exhibit a nega- 
tive phase velocity? In other words, how can 
we tell that the phase of a forward-moving 
wave is moving backwards inside the mate- 
rial? This might be possible if, to measure a 
beam deflected in the ‘wrong’ direction, we 
apply Snell’s law’, which relates the angles of 
incidence and refraction of a wave. However, 
even everyday optical materials, such as a bath- 
room mirror, may at least partially display the 
effects of negative refraction yet have a positive 
refractive index’®. Indeed, it is now established 
that negative refraction can occur in materials 
displaying anisotropy, such as calcite, and in 
two- or three-dimensionally structured mate- 
rials such as photonic crystals”. 

To identify the signatures of negative refrac- 
tion from a negative refractive index, Valentine 
et al.” combined experimental results with 
theoretical modelling. Experimentally, the 
authors did turn to Snell’s law to determine the 
refractive index, but crucially they retrieved its 
value from the far-field transmission pattern 
of a prism configuration representing a signa- 
ture of the (backward) phase evolution inside 
the metamaterial. Together with supporting 
theoretical simulations that show a backward- 
moving phase inside the prism, this strongly 
indicates that Valentine and colleagues’ fishnet 
structure is indeed a three-dimensional mater- 
ial with a negative refractive index. 

Another point in considering Valentine and 
colleagues’ material is whether, when light is 
shone onto it, the light lost passing through it 
is low. To be useful, materials should certainly 
not absorb all light. However, because the con- 
stituent elements of a metamaterial, particu- 
larly metals, always exhibit a loss in some part 
of the frequency spectrum, the engineering of 
losses is an important task. A promising solu- 
tion is to use nano-structuring (tightly coupled 
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nano-plasmonic resonators) to simultaneously 
increase the bandwidth and effectively shift the 
losses to a frequency range where the optics is 
not impaired. In this respect, the metamate- 
rial described by Valentine et al.” scores very 
well, with a record-breaking ‘figure of merit’ of 
3.5, indicating low loss. In addition, this meta- 
material displays a negative refractive index 
over a remarkably wide window of the spec- 
trum, ranging from around 1,800 nm to less 
than 1,500 nm. 

Finally, what uses might there be for a 
broadband, low-loss, three-dimensional optical 


material with a negative refractive index? First, 
it would be a way of constructing Pendry’s per- 
fect lens’, and thus imaging a three-dimensional 
object the size of a molecule. Second, it would 
be beneficial for electromagnetic cloaking’ and 
its applications, in that a cloaking material that 
absorbs less radiation will ideally prevent the 
cloaked object from appearing as a dark silhou- 
ette. Third, the ability to slow down and store 
broadband light using the ‘trapped rainbow’ 
principle” has clearly come closer to reality. 
Saying goodbye to Flatland and entering 
Spaceland was not only a great achievement for 
A. Square, the protagonist in Abbott’s novella. 
It is also a promising step towards producing 
optical negative-index metamaterials. The 
prospects that this step offers for research 
involving the control and manipulation of light 
could hardly be more exciting. = 
Ortwin Hess is at the Advanced Technology 
Institute and Department of Physics, University 
of Surrey, Guildford GU2 7XH, UK. 
e-mail: o.hess@surrey.ac.uk 
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BIOCHEMISTRY 


Divergence from the superfamily 


Lawrence J. Marnett 


The unique structure of an enzyme that synthesizes lipid mediators in 
plants defines its function and serves as a characteristic footprint in 


genomes of plants and some animals. 


In plants and animals, molecular signalling 
pathways that are mediated by metabolites of 
polyunsaturated fatty acids are essential for 
communication at cellular and organismal lev- 
els. For example, the plant metabolites known 
as jasmonates and green-leaf volatiles control 
not only growth but also responses to wound- 
ing and infection’’, and contribute to the 
characteristic taste and smell of certain plants. 
Jasmonates and green-leaf volatiles are formed 
from fatty-acid hydroperoxides through the 
action of the allene oxide synthase (AOS) and 
hydroperoxide lyase (HPL) enzymes, respec- 
tively**. Exactly how these enzymes react with 
their hydroperoxide substrates has remained 
unclear. The crystal structures of AOS — as 
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free enzyme and in complex with substrate 
and intermediate analogues — are presented 
by Lee et al.* on page 363 of this issue, and 
provide fascinating clues. 

Both AOSs and HPLs are members of the 
CYP74 family, which belongs to the cytochrome 
P450 (CYP) superfamily. CYP proteins contain 
a haem group, and are defined by the character- 
istic absorption of their ferrous carbon monox- 
ide complex at a wavelength of 450 nanometres. 
These enzymes catalyse oxidation reactions 
that are central to many metabolic pathways 
in a wide range of organisms — for example, 
they mediate steroid biosynthesis in humans 
and nutrient breakdown in bacteria’. To do 
this, they take two electrons from a reduct- 
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Figure 1| CYP74 enzyme function. A partially oxidized lipid called 13-hydroperoxyoctadeca-9,11,15- 
trienoic acid (13-HPOT) is a typical substrate for the plant CYP74 enzymes allene oxide synthase (AOS) 
and hydroperoxide lyase (HPL). a, AOS converts this substrate to an unstable allene oxide, which then 
hydrolyses to a-hydroxyketones and jasmonates. b, Similarly, HPL converts 13-HPOT to a hemiacetal 
intermediate, which is then broken into short-chain aldehydes such as green-leaf volatiles. Lee et al.” 
solve the structure of a plant AOS to show which structural features are responsible for the unique 
function of these cytochrome P450 enzymes, compared with other members of this superfamily. 


ase enzyme, which itself gets the electrons 
from another molecule. CYPs then bind to an 
oxygen molecule, splitting it into water and 
an oxygen atom that the enzyme eventually 
transfers to a substrate. 

Members of the CYP74 family are atypical 
in that they use fatty-acid hydroperoxides as a 
source of the oxygen atom to be transferred, 
which eliminates the need for an external 
source of electrons or a reductase’. What’s 
more, they use peroxide substrates to form 
new metabolites*”. For example, AOS from the 
plant Arabidopsis thaliana (At-AOS) and the 
related HPL enzyme require neither an exter- 
nal source of electrons nor association with a 
reductase. Instead, in a multi-step reaction, 
they transform a partially oxidized lipid such 
as 13-hydroperoxyoctadeca-9,11,15-trienoic 
acid (13-HPOT) to jasmonates and green-leaf 
volatiles, respectively (Fig. 1). 

Many CYPs are membrane-bound, making it 
difficult to crystallize them for structural analy- 
sis. Nevertheless, nearly 30 CYP structures have 
been solved, all of which display a characteristic 
globular fold that mainly contains a-helices”. 
A long helix (the I-helix) runs through the cen- 
tre of the protein and borders the distal face of 
the haem group. The shorter L-helix borders 
the proximal face of the haem, which consists 
of the haem-binding loop. A cysteine residue 
within this loop binds to the iron in the haem. 
The oxidized substrates bind in a cavity on the 
distal side of the haem, and electrons are trans- 
ferred following association of a reductase near 
the proximal side of the haem. 

Lee et al.’ describe the first structure ofa plant 
CYP, that of At-AOS. They find that certain 
unique structural elements within this enzyme 
set its catalytic activity apart from that of the 
known structures of other CYPs. Of particular 


interest is an insertion of nine amino-acid resi- 
dues in the middle of the haem-binding loop of 
At-AOS, which distorts the loop and alters the 
putative CYP-reductase interface. The inser- 
tion is conserved in — and seems to be unique 
to — all CYP74 family members, because none 
of the 8,000 or so other CYPs contains an inser- 
tion of even a single amino acid in the haem- 
binding loop. Moreover, the authors find that 
alterations of amino-acid residues in the I-helix 
result in two changes in enzyme topology. First, 
there is an asparagine residue directly over the 
distal side of the haem, which blocks oxygen 
binding. Second, a crucial threonine hydroxyl 
group that is necessary for typical CYP oxy- 
genase function is missing. Thus, At-AOS 
cannot function as an oxygenase but instead is 
optimized for hydroperoxide rearrangement. 

Conversion of hydroperoxide to allene oxide 
involves formation of an epoxyallylic radical 
intermediate. Lee and colleagues’ structures 
of At-AOS in complex with substrate and 
intermediate analogues suggest that the elev- 
enth carbon atom (C-11) of this intermediate 
— where the radical forms — is positioned 
within the At-AOS active site, near phenyl- 
alanine residue 137. The C-11 radical, and the 
cation that forms after its oxidation, may be 
stabilized by interactions between the radi- 
cal or the cation and the aromatic ring of this 
residue (see Fig. 2a on page 364). 

When phenylalanine-137 is mutated to a 
leucine residue, At-AOS mediates fragmen- 
tation of 13-HPOT to short-chain aldehydes, 
rather than generating allene oxide from this 
lipid. Interestingly, just such a phenylalanine- 
to-leucine substitution occurs naturally in 
HPLs. These enzymes are designed to catalyse 
multiple transformations, the partitioning 
of which is determined by one or two main 
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residues in their active site. So when the authors 
mutated the corresponding leucine of an HPL 
to phenylalanine, they observed some AOS 
activity, even though HPL did not completely 
convert to an AOS. 

How widespread are the members of the 
CYP74 family outside the plant kingdom? 
Using signature sequences from At-AOS, 
Lee et al.” searched genome databases to 
identify several candidate genes in marine 
invertebrates and two in rhizobacteria — 
microorganisms that live symbiotically with 
plants. Sequence identity between CYP74 
candidate genes and their plant counterparts 
is less than the 40% threshold that is required 
for them to be classified as a CYP74 family 
member. Nonetheless, all the candidate pro- 
teins contain the distinctive nine-residue insert 
in their haem-binding loop. 

Studying the activity of CYP74-like proteins 
from bacteria, coral and the primitive marine 
animal amphioxus, the authors find that these 
enzymes do catalyse the breakdown of fatty- 
acid hydroperoxides, although not always to 
allene oxides. The number of genes that encode 
these CYP74-like proteins varied between spe- 
cies, and in amphioxus there are as many as 
20 such genes. Unlike their plant counterparts, 
animal CYP74 proteins contain introns — gene 
sequences that do not contribute to the protein 
sequence. 

The fact that CYP74 proteins are found in 
many plants, in the last common ancestors of 
plants and animals, and in less complex ani- 
mals but not in vertebrates suggests that they 
reached a dead end early in animal evolution. 
Perhaps the functions of these enzymes or their 
metabolic products in vertebrates have been 
subsumed by other enzymes — such as AOSs 
from another, catalase-like enzyme family" — 
or fatty-acid derivatives that evolved as Earth’s 
atmosphere became more aerobic. In animals, 
for example, prostaglandin endoperoxides are 
converted by non-oxygenating CYPs to throm- 
boxane and prostacyclin — mediators of vascu- 
lar biology. It will be interesting to see how the 
mechanisms of these transformations conform 
to the principles defined for CYP74. 7 
Lawrence J. Marnett is in the Department of 
Biochemistry, Vanderbilt University, School of 
Medicine, Nashville, Tennessee 37232-0146, USA. 
e-mail: larry. marnett@vanderbilt.edu 
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SMALL-MOLECULE 


CATALYSIS 


na world without catalysts, many chemical 
processes would not occur — at least, not at a 
rate that has any practical application. Catalysts 
have thus become indispensable in a wide range 
of industrial reactions. But the study of these systems 
can offer much more: it can change our understanding 
of fundamental chemical concepts and challenge us 
to rethink the ‘rules’ of the chemical world. Research 
in this area moves at breathtaking speed: many 
catalytic reactions now considered to be ‘standard 
issue’ by organic chemists were almost unthinkable 
just 10 years ago. 

The catalytic systems being investigated today range 
from nanoparticles to transition metals to enzymes, 
and it would be difficult (if not impossible) to do justice 
to such diverse research in just a short series of articles. 
As a result, this Insight focuses on a key sector within 
the field: what we are calling ‘small-molecule’ catalysis. 
This includes transition-metal complexes — which are 
indeed small compared with proteins or nanoparticles 
— as well as organic molecules. 

The theme is broader than that, though, as it also 
encompasses the small molecules that are produced 
in the catalysed reactions. The ability to synthesize 
and selectively modify small molecules is crucial for 
many applications, including drug discovery and the 
search for new materials. The development of new 
catalysts often makes it possible to generate previously 
unattainable compounds, which could have unique 
physical, chemical or biological properties. 

But the basic science is as important as the 
applications: studies of catalytic mechanisms often 
uncover new modes of chemical reactivity, such as 
the way heteroatoms affect cross-coupling reactions, 
forcing us to think anew about the way molecules 
interact and react. We hope that this Insight will inspire 
both chemists and non-chemists, by providing fresh 
ideas about catalysis and the possibilities that it offers 
for the future. 


Andrew Mitchinson, Senior Editor, News & Views 
Joshua Finkelstein, Senior Editor 
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The advent and development 
of organocatalysis 


David W. C. MacMillan 


The use of small organic molecules as catalysts has been known for more than a century. But only in the past 
decade has organocatalysis become a thriving area of general concepts and widely applicable asymmetric 
reactions. Here | present my opinion on why the field of organocatalysis has blossomed so dramatically over 


the past decade. 


Organocatalysis, or the use of small organic molecules to catalyse organic 
transformations, is a relatively new and popular field within the domain 
of chiral molecule (or enantioselective) synthesis. Although chemical 
transformations that use organic catalysts, or organocatalysts, have 
been documented sporadically over the past century, it was not until 
the late 1990s that the field of organocatalysis was ‘born, coalescing 
around a small number of articles that inspired an explosion of research’. 
Between 1998 and 2008, at least 1,500 manuscripts describing the use of 
organocatalysts in more than 130 discrete reaction types were published 
(Fig. 1), a remarkable number given that there were no reports of such 
catalysts in the year 1995. It is now widely accepted that organocatalysis 
is one of the main branches of enantioselective synthesis (the other, pre- 
viously accepted, branches being enzymatic catalysis and organometallic 
catalysis; see page 314), and those who are involved in the synthesis of 
chiral molecules consider organocatalysis to be a fundamental tool in 
their catalysis toolbox (see page 323). 

In this Commentary, I present my opinion on how chemists arrived 
at this point. It is useful to look back and consider this development, not 
least because it provides insight into how scientific communities can 
seemingly bypass an important area of research for many decades and 
then, at a given moment, embrace the same field with collective (and at 
times fervent) enthusiasm. I consider that three factors were crucial to 
the sudden birth and rapid growth of the field of organocatalysis: first, the 
conceptualization of the field; second, the advantages of organocatalytic 
research; and, third, the advent of generic modes of catalyst activation, 
induction and reactivity. 


Conceptualization of the field of organocatalysis 
New synthetic methods are most likely to be encountered in the 
fields of biological and organometallic chemistry. 
Dieter Seebach (1990) 


Why was organocatalysis so long overlooked as an area of research by 
the chemical synthesis community? This question is difficult to answer 
in hindsight, given the now obvious nature of the concepts and cata- 
lysts involved. However, one perspective worth considering is that it is 
impossible to overlook a field that does not yet exist. This might seem 
cryptic, but it is similar to the idea that researchers cannot work on a 
problem that has not been identified. Between 1968 and 1997, there 
were only a few reports of the use of small organic molecules as cata- 
lysts for asymmetric reactions (the Hajos—Parrish reaction probably 
being the most famous), but these chemical studies were viewed more 
as unique chemical reactions than as integral parts of a larger, intercon- 
nected field*®. In these early publications, there was no emphasis on the 
potential benefits of using organocatalysts or on the demonstration of 
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new organocatalytic concepts. Instead, these articles focused only on 
the individual transformations that had been accomplished. Because 
general lessons were not extrapolated from these reactions, the under- 
lying catalytic concepts were not applied to multiple reaction types. As 
a result, chemists did not recognize that the use of small organocatalysts 
could be an overarching concept. One measure of this fact is that 
between 1960 and 1998, there were no review articles about the use of 
organocatalysts. In addition, Dieter Seebach, an organic chemist of great 
standing, omitted organocatalysis from his vision for synthetic methods 
in 1990, clearly illustrating that it is not easy to predict the success of a 
field that, at the time, does not exist. 

In the late 1990s, however, things began to change when Yian Shi’, 
Scott Denmark’ and Dan Yang’, and their co-workers, demonstrated 
that enantiomerically pure ketones could be used to catalyse the enantio- 
selective epoxidation of simple alkenes. Shortly afterwards, Eric Jacobsen” 
and Elias J. Corey"’, and their co-workers, described the first examples of 
hydrogen-bonding catalysis, in an asymmetric Strecker reaction, and Scott 
Miller and his co-workers" introduced the concept of minimal peptides 
for the enantioselective kinetic resolution of alcohols. Although, collec- 
tively, this work did not conceptualize organocatalysis as a field of research, 
it demonstrated for the first time that small organocatalysts could be used 
to solve important problems in chemical synthesis. It was not until 2000, 
however, that the field of organocatalysis was effectively launched, by two 
publications that appeared almost simultaneously: one from Carlos Bar- 
bas, Richard Lerner and Benjamin List’’, on enamine catalysis; and the 
other from my research group”, on iminium catalysis. 

The work of Barbas, Lerner and List was significant because it showed 
that the underlying mechanism of the Hajos—Parrish reaction could be 
extended and applied to transformations that have a broader applicabil- 
ity (specifically, the intermolecular aldol reaction). Moreover, this work 
showed that small organic molecules (such as proline) could catalyse the 
same chemical reactions as much larger organic molecules (enzymes) 
by using similar mechanisms. Meanwhile, the report of iminium cata- 
lysis conceptualized ‘organocatalysis’ in three important ways: by delin- 
eating how organocatalysts could provide economic, environmental 
and scientific benefits; by describing a general activation strategy for 
organocatalysis that could be applied to a broad range of reaction classes 
(rather than simply allowing a single transformation); and by introduc- 
ing the term organocatalysis to the chemical literature. You might ask, 
What's in a name? But consider the success of the terms nanotechnology 
and diversity-oriented synthesis at globally shifting the visibility and 
perception of areas of research. The term organocatalysis provided a 
strong identity and helped to unify a fledgling field, as well as attracting 
the attention of the broader chemical synthesis community. At the last 
count, the word organocatalysis, or one of its derivatives, has been used 
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Figure 1| An explosion of interest. The number of publications on the 


topic of organocatalysis has recently increased markedly. Data were 
obtained by a search of the ISI Web of Knowledge in May 2008 for the 
keyword organocatalysis and its derivatives, as well as the keywords phase 
transfer, enamine and Hajos (to locate articles on this topic before the 
term organocatalysis was coined). This search is unlikely to have found all 
publications on organocatalysis, and a conservative estimate is that more 
than 2,000 manuscripts have been published on this topic so far. 


in more than 600 article titles and is the subject of more than 40,000 web 
pages (based on a survey of the ISI Web of Knowledge and of web pages 
indexed by Google in May 2008). 


Advantages of organocatalytic research 

Once the field of organocatalysis had been publicly defined, it grew 
quickly. Such rapid adoption is possible only when a field offers real 
advantages to the researchers who mine the area and to those who 
exploit the resultant technologies. In this case, the chemical syn- 
thesis community quickly recognized the fundamental advantages 
of organocatalysis, namely the ease and low cost of carrying out such 
reactions in the laboratory and the potential for new lines of academic 
thought and investigation. Before 1998, the state of the art in asymmet- 
ric catalysis involved metal-based chiral catalysts almost exclusively, and 
these catalysts allowed a wealth of oxidations, reductions, o-bond inser- 
tions, 1-bond activations and Lewis-acid-catalysed reactions. Although 
the impact of metal-based catalysts on chemical synthesis cannot be 
understated, some (but certainly not all) organometallic systems can 
be expensive, toxic and/or sensitive to air and moisture. 

The advent of organocatalysis brought the prospect of acomplementary 
mode of catalysis, with the potential for savings in cost, time and energy, an 
easier experimental procedure, and reductions in chemical waste (Fig. 2). 
These benefits arise from three factors. First, organic molecules are gen- 
erally insensitive to oxygen and moisture in the atmosphere, so there is 
no need for special reaction vessels, storage containers and experimental 
techniques, or for ultra-dry reagents and solvents. Second, a wide variety of 
organic reagents — such as amino acids, carbohydrates and hydroxy acids 
—are naturally available from biological sources as single enantiomers. 
Simple organocatalysts are therefore usually cheap to prepare and readily 
accessible in a range of quantities, suitable for small-scale reactions to 
industrial-scale reactions. Third, small organic molecules are typically 
non-toxic and environmentally friendly, increasing the safety of catalysis 
in both biological research and chemical research across all research set- 
tings, including industry and academic institutions. 

The combination of these factors substantially lowered the entry costs 
for researchers who were interested in developing enantioselective cata- 
lysts. With no need for gloveboxes, inert gases, ultra-dry solvents or even 
high levels of experimental expertise, it is not surprising that the field 
quickly became flooded with research groups from around the globe. 


Indeed, the increase in competition helped to accelerate the pace of 
innovation and discovery, albeit perhaps at the expense of ‘elbow roon’ 
for those in this popular field. 

Some critics suggest that low turnover numbers might limit the poten- 
tial uses of organocatalysis for industrial applications, but this view is 
simplistic and dogmatic. For any large-scale catalytic process, the most 
salient considerations are cost and safety. Because organocatalysts are 
often cheaper than metal-based catalysts, organocatalysts can be used in 
larger quantities than metal-based ones for the same price. Moreover, it 
is widely recognized in manufacturing that the removal of toxic catalyst- 
related impurities from the waste stream can often have a larger financial 
impact than the turnover number of the catalyst. Organocatalysts are 
typically less toxic than metal-based catalysts, can be tolerated to a large 
extent in waste streams and are more easily removed from waste streams, 
again mitigating the cost of high catalyst loadings. 

With respect to industrial applications, organocatalytic reactions are 
of great use to medicinal chemists. These researchers are the largest 
body of industrial synthetic chemists in the world, and their techno- 
logical needs often differ from those of chemists in manufacturing or 
process development. Medicinal chemists need to find rapid, broadly 
applicable ways of constructing new candidate drugs for testing, so the 
most important considerations for a catalyst are its generality, conven- 
ience and robustness. Organocatalysts meet all of these operational 
requirements. Indeed, organocatalysts have already been taken up by 
some medicinal chemists in pursuit of therapeutic agents enriched for 
a particular enantiomer”. 


Advent of generic modes of activation and induction 

Perhaps most crucial to the success of organocatalysis in the past decade 
has been the invention or identification of generic modes of catalyst acti- 
vation, induction and reactivity. A generic activation mode describes a 
reactive species that can participate in many reaction types with consist- 
ently high enantioselectivity (as opposed to one or two unique transfor- 
mations). Such reactive species arise from the interaction ofa single chiral 
catalyst with a basic functional group (such as a ketone, aldehyde, alkene 
or imine) in a highly organized and predictable manner. 

The value of generic activation modes is that, after they have been 
established, it is relatively straightforward to use them as a platform 
for designing new enantioselective reactions. Indeed, most of the 
130 organocatalytic reactions that have been reported since 1998 are 
founded directly on only five or six activation modes. The small number 
of activation modes in organocatalysis (and in catalysis in general) is 
not surprising — when devising a new enantioselective reaction, it is far 
easier to make use of a known activation mode than to invent a new one 
(together with a new catalyst). Hence, the number of enantioselective 
catalytic reactions will always be much larger than the number of activa- 
tion modes that underpin them. 

In many ways, this is beneficial to chemists, because it leads to the 
development of catalysts or catalyst families that are useful for a wide 
range of asymmetric reactions. At the same time, it is clear that discover- 
ing new activation modes is important for all types of catalysis. In the 
field of organocatalysis, iminium catalysis, reported in 2000, was the first 


OX 


¢ Stable in air and water 


N CO2H ¢ Available from biological materials 
¢ Inexpensive and easy to prepare 
-Bu © Simple to use 
A Aydy i@ ¢ Both enantioseries available 
fel H oH N ¢ Non-toxic 


ROR 
Figure 2 | Typical organocatalysts and the advantages of using 
organocatalysts. L-Proline (top) is often used as an organocatalyst for 
many reactions, notably for functionalizing carbonyl-containing molecules 
at the a-carbon. The mechanism involves the formation of a reactive 
enamine intermediate. Thioureas (bottom) catalyse several reactions by 
forming hydrogen bonds with the substrate. The typical advantages of using 
organocatalysts are listed. R, alkyl; t-Bu, tert-butyl. 
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Table 1| Generic modes of activation commonly used in organocatalysis 


Substrate Catalyst Activation mode Number Examples of new References 
of new reaction variants 
reactions 
Enamine catalysis 
HOMO activation 25 * Aldehyde-aldehyde First application: 1971, ref. 3 
fo) cross aldol coupling First use as a generic mode of 
Re ae ae * Intramolecular activation: 2000, ref. 13 
zs H Rear a-alkylation 
ae x ZS * Mannich reaction 
x—y ie) * Michael reaction 
*a-Amination 
R = any organic chain or * a-Oxygenation 
ring system * a-Halogenation 
X=C,N,0,S * a-Sulphenylation 
Y = generic organic atom 
Z = alkyl, H 
Hydrogen-bonding catalysis 
LUMO activation 30 * Strecker reaction First application: 1996-1999, 
x tBu g tBu * Mannich reaction refs 9-11 
pe Ke Hoo: * Ketone cyanosilylation : : 
: N Jk ie NA all O ee : First use as a generic mode of 
R R' 2 . eg, 
ss ON Nl a Ww! NM Biginellireaction activation: 2002, ref. 17 
X=0,NR 0 eNS {o) ave JN. * Pictet-Spengler reaction 
R, Ri, R= alkyl, aryl RP a AL RR * Reductive amination 
R R' 
ee 
Iminium catalysis 
LUMO activation 50 * Conjugate Friedel- First application and first use as 
Crafts reaction a generic mode of activation: 
O fe) @ ie) a vs 
ia i. N * Ketone Diels-Alder 2000, ref. 14 
H ; 
| Ph Ph oN reaction 
R A BE peu * exo-Selective Diels- 
Alder reaction 
R = alkyl, aryl | Nu: * Mukaiyama-Michael 
RO reaction 
* Conjugate hydride 
reduction 
* Conjugate amination 
* Conjugate oxygenation 
* Conjugate sulphenylation 
* Cyclopropanation 
* Epoxidation, aziridination 
SOMO catalysis 
SOMO activation 4 *a-Allylation First application and first use as 
*a-Enolation a generic mode of activation: 
© fo) Co) Aad 
A Sa wee *a-Vinylation 2007, ref. 25 
H , * a-Heteroarylation 
R PhA WAN Bu Ph AN By 
H 
R = alkyl, aryl Nu e 
Se! © 
Counterion catalysis 
LUMO activation 2 * Acyl-Pictet-Spengler First application and first use as 
a tBu gs een reaction a generic mode of activation: 
NG | a Jk O I = iL * Oxocarbenium addition 2007, ref. 28 
x a nc N i T nc) I reaction 
(eee MOG es 
X=, NR a a xe TR 
py pm = F SRN 
IR, ARE LR alkyl, aryl Nun 


In HOMO activation, the energy of the highest-occupied molecular orbital (HOMO) is increased. In LUMO activation, the energy of the lowest-unoccupied molecular orbital (LUMO) is decreased. In SOMO activation, 


an electron is located in a singly occupied molecular orbital (SOMO) to generate a highly reactive species that can participate in many reaction types. Nu, nucleophile; Ph, phenyl. 


activation mode identified as being suitable for more than one reaction 
type, a feature that was central to its design’’. Enamine catalysis was also 
demonstrated to be a generic activation mode by its application to the 
Mannich reaction in 2000 (ref. 15), and Jacobsen and Anna Wenzel were 
the first to demonstrate that hydrogen-bonding catalysis had multiple- 
reaction utility, in 2002 (ref. 16). The activation modes discussed in this 
section and described in Table 1 are representative of modes that have 


been invented or identified in the past decade. 
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Enamine catalysis 


In 1971, there were two independent reports — one by Zoltan Hajos 
and David Parrish’, and another by Rudolf Weichert, Gerhard Sauer and 
Ulrich Eder’ — of an enantioselective intramolecular aldol reaction 
that was catalysed by proline in the synthesis of the Wieland—Miescher 
ketone. This extraordinary result was well received by the community, 
but the underlying activation mode was not exploited for other reactions 
until more than 30 years later. It was in 2000, with the ingenious work of 
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Barbas, Lerner and List — who used enamine catalysis to functionalize 
carbonyl-containing compounds at the a-carbon — that the broad 
applicability of this mode of activation became evident”. Since then, a 
tremendous amount of research has been directed towards identifying 
new types of chiral enamine catalysts. 

Mechanistically, enamine catalysis might be better described as 
bifunctional catalysis because the amine-containing catalyst (proline 
in Table 1) typically interacts with a ketone substrate to form an enamine 
intermediate but simultaneously engages with an electrophilic reaction 
partner through either hydrogen bonding or electrostatic attraction. This 
mode of activation has now been used in a wide range of enantioselective 
carbonyl a-functionalization processes”. 


Hydrogen-bonding catalysis 

In the early 1980s, researchers uncovered several catalytic asymmet- 
ric processes that suggested that the activation of a substrate and the 
organization of the transition state could occur through well-defined 
hydrogen-bonding interactions’*”°. These reports were widely appreci- 
ated; however, they were considered to be exceptions to the generally 
held idea that hydrogen bonding was insufficiently activating or direc- 
tional for use in asymmetric catalysis. This reasoning was disproved 
by reports published in 1998 and 1999, when Jacobsen’ and Corey”® 
independently reported an asymmetric variant of the Strecker reaction 
that used well-defined hydrogen-bonding organocatalysts that activate 
imine electrophiles. Moreover, four years later, Jacobsen showed that 
these thiourea catalysts could be used for other synthetic reactions”®, 
launching the generic use of enantioselective hydrogen-bonding cata- 
lysis. This powerful activation mode has become the foundation of a 
large and dynamic area of research. More than 30 new asymmetric 
reactions have been developed on the basis of this principle”. 


Iminium catalysis 

Iminium catalysis was the first organocatalytic activation mode to be 
designed (rather than discovered) and introduced as a general strategy 
for asymmetric organic synthesis. It is based on the capacity of chiral 
amines to function as enantioselective catalysts for several transfor- 
mations that traditionally use Lewis acid catalysts. The concept was 
founded on the mechanistic hypothesis that the reversible formation of 
iminium ions from a,f-unsaturated aldehydes and chiral amines might 
emulate the equilibrium dynamics and 1-orbital electronics that are 
inherent to Lewis acid catalysis (that is, lowest-unoccupied molecular 
orbital (LUMO)-lowering activation). With its tailor-made family of 
imidazolidinone catalysts, iminium catalysis is now used in more than 
50 highly enantioselective protocols”, many of which have been devel- 
oped by my research group and that of Karl Anker Jorgensen. 


SOMO catalysis 

Introduced by my research group in 2006, SOMO catalysis is based on 
the idea that one-electron oxidation of an electron-rich enamine selec- 
tively generates a reactive radical cation with three m-electrons. The 
electrophilicity of the singly occupied molecular orbital (SOMO) of this 
intermediate allows it to react readily with a variety of weakly nucleophilic 
carbon-based ‘SOMOphiles at the a-carbon of the parent enamine, result- 
ing in formal alkylation products”. Applying this principle in a catalytic 
system that uses chiral secondary amines and a suitable one-electron 
oxidant has been highly successful, opening up new avenues for catalysing 
the asymmetric a-functionalization of carbonyl-containing compounds. 
Although SOMO catalysis is one of the most recently discovered activa- 
tion modes, it has already yielded a series of enantioselective transforma- 
tions that complement those produced by enamine catalysis*”*. 


Counterion catalysis 

Jacobsen recently developed a conceptually novel form of organocatalytic 
activation that directs highly enantioselective additions into transiently 
generated N-acyl-iminium ions and oxocarbenium ions”. In this sys- 
tem, chiral thiourea catalysts, which are known to form strong com- 
plexes with halide ions, electrostatically bind to, and ionize, the weak 


carbon-chlorine bonds of chloroamides and chloroacetals to generate 
a transient ion pair. The resultant anionic catalyst-chloride complex 
functions as a chiral counterion, biasing the approach of nucleophiles to 
a single face of one enantiomer of the transient a-heteroatom-stabilized 
cationic species. The initial results are remarkable in that forces acting 
through space, rather than through bonds, are sufficient to transfer 
stereochemical information from the catalyst to the substrate with high 
fidelity. Although this mode of activation is still in its infancy, it has 
the potential to solve many persistent and outstanding problems in 
asymmetric catalysis. 


The future 

It is always a risk to predict what the future holds for any field, but several 
aspects of organocatalysis will undoubtedly attract researchers attention. 
Tremendous efforts will continue to be directed towards the discovery 
and design of catalysts with better efficiency, new reactivities and greater 
turnover numbers. In addition, although SOMO catalysis and counterion 
catalysis have been developed only recently, it is clear that at least ten new 
asymmetric transformations will arise from these modes of activation. 
Moreover, given the substantial impact of new generic modes of activa- 
tion, it is probable that many young and ambitious chemists will focus 
their research efforts on attaining this ideal. More specific challenges that 
are likely to be addressed include the organocatalytic activation of carbon- 
hydrogen bonds and the catalysis of photoredox reactions. There will 
also probably be further advances in the area of organocatalytic cascade 
reactions, in which activation modes are combined to provide powerful 
transformations that generate complex molecules”””. Although cascade 
catalysis is rarely used at present, it is likely to become more prevalent for 
the synthesis of natural products and medicinal agents. Furthermore, it 
is probable that computational models will increasingly be used to aid 
in not only the understanding of organocatalytic processes but also the 
design of new organocatalysts (see page 309). 

But perhaps the most crucial area of research in the future will be the 
identification of important transformations and new reactivities that are 
not available using other branches of catalysis. Given the huge growth and 
impact of organocatalysis in the past decade, it will certainly be exciting 
to observe the development of the field over the next decade. a 
David W. C. MacMillan is at the Merck Center for Catalysis at Princeton 
University, 116 Frick Laboratory, Princeton University, Princeton, 

New Jersey 08540, USA. 
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Computational prediction of 
small-molecule catalysts 


K.N. Houk & Paul Ha-Yeon Cheong 


Most organic and organometallic catalysts have been discovered through serendipity or trial and error, 
rather than by rational design. Computational methods, however, are rapidly becoming a versatile tool for 
understanding and predicting the roles of such catalysts in asymmetric reactions. Such methods should 
now be regarded as a first line of attack in the design of catalysts. 


Just 40 years ago, computational methods for simulating chemical 
reactions used in synthesis did not exist. Since then, the discovery of 
several computational principles and algorithms — together with the 
development of fast computers — has resulted in enormous leaps in 
the accuracy and speed of computational methods, and it is now fea- 
sible to model many synthetic reactions in this way. It was the release 
of Gaussian 70 (a general-purpose, ab initio computer program that 
has developed into today’s Gaussian 03 software)' and the advent of 
minicomputers, both in the 1970s, that brought the tools of quantum 
mechanics to organic chemists. The subsequent development of quan- 
tum-mechanical techniques such as density-functional-theory calcula- 
tions’ and high-accuracy ab initio computational methods proceeded at 
an ever-accelerating pace’. In addition, methods were devised to reduce 
the lengthy times required to model large systems (those containing 
thousands of atoms) or smaller systems with high accuracy, and these 
methods continue to be improved’. 

The cost of computation has also decreased enormously since the 
1960s. Moore's law — which states that the number of transistors on an 
integrated circuit doubles every two years — reflects the incredible rate 
at which computing power is increasing. But a more impressive figure 
involves the economics of computing: the cost of 1 gigaflops of compu- 
ting power in the 1960s was about US$7.9 trillion in today’s currency, 
whereas the same computing power is available now for less than 20 cents 
(ref. 4 and see http://news.bbc.co.uk/2/hi/technology/4554025.stm). 

Today, there are computational methods for modelling molecules 
and reactions that can obtain results at almost any accuracy desired, as 
long as sufficient computer resources are available (Fig. 1). In practice, 
the energies of small molecular systems can be computed at greater 
accuracies (+1 kilocalorie per mol) than those achievable in most 
experiments. Larger systems are generally modelled at a lower accuracy 
so that results can be obtained within a reasonable time. The errors in 
absolute energies (typically +5 kilocalories per mol) might therefore be 
larger than desired, but a much greater accuracy can be achieved when 
comparing several similar structures, for example the transition states 
of diastereomeric molecules. 

Computational methods are proving to be especially useful for mod- 
elling catalytic reactions. Such theoretical approaches readily provide 
insights into the mechanisms of catalytic processes and their selectivities 
for various products. Indeed, a theoretical approach is sometimes faster 
than an experimental one and is often the only way to attain the level 
of detail that chemists seek. Small chiral catalysts — either organic 
catalysts (organocatalysts; see page 304) or transition-metal complexes 
(organometallic catalysts; see page 314) — are ideal for computational 
modelling, because their size makes accurate simulations feasible, allow- 
ing detailed results to be generated and used to design new catalysts. 


Predicting how effective such catalysts will be in a specific reaction is 
still a daunting task, but several notable successes make it clear that com- 
putational design is becoming an increasingly powerful tool. We argue 
here that computational design is ready to take its place as an essential 
component of catalyst design. 


The road to catalyst design 

Most computational chemistry research involves the explanation of 
phenomena that are not well understood. Current quantum-mechani- 
cal methods have been successfully used for such rationalization of 
chemical phenomena. But, as quantum-mechanical methods have 
developed, it has become increasingly possible to make predictions 
(rather than rationalizations), and several predictions have now 
been confirmed experimentally. The first such predictions were for 
non-catalytic reactions involving small molecules. An example is the 
prediction and subsequent experimental verification of contra-steric 
stereochemistry in the products of the electrocyclic ring-opening of 
3-formylcyclobutene’ (Fig. 2), a non-intuitive result that would not 
have been predicted by researchers on the basis of knowledge about 
reactions of the analogous molecule 3-methylcyclobutene. Subsequent 
to this prediction, Masahiro Murakami and colleagues predicted that, 
in cyclobutene ring-opening reactions, silyl groups and stannyl groups 
would also anomalously rotate inwards, and they then verified these 
predictions experimentally”. Similarly, unexpected outcomes have 
been predicted computationally and verified experimentally for reac- 
tions commonly used in synthesis; for example, the stereoselectivity 
of hydride additions to cycloheptanones has been computed and con- 
firmed in this way’. 

The first organocatalytic reaction to be studied computationally was 
the Hajos—Parrish reaction” (an asymmetric, intramolecular aldol reac- 
tion that is catalysed by L-proline), and this work was pivotal in show- 
ing the power of computational methods for studying and predicting 
catalytic reactions. Four mechanisms had been proposed for the Hajos- 
Parrish reaction. Of these, computations revealed a preference for the 
s-trans transition state (which has a vinyl group and a carboxylic acid ina 
trans arrangement across an enamine single bond), which leads to the 
experimentally observed product” (Fig. 3). The computed energy of 
3.5 kilocalories per mol favouring the formation of the major stereoisomer 
corresponded well to the experimentally observed stereoselectivity of 
95% enantiomeric excess, and could be explained by analysing the struc- 
tural features that stabilize the s-trans transition structure rather than the 
s-cis form. Building on this precedent, computational studies of aldol 
reactions catalysed by proline derivatives have now been published”, 
including some predictions of new catalysts — although these have yet 


to be confirmed experimentally'*”. 
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Designer organocatalysts realized 

The first and most successful examples of the computational design 
of a stereoselective organocatalyst that was later experimentally vali- 
dated came from studies of highly selective anti Mannich reactions”. 
Proline-catalysed Mannich reactions are selective for products in the 
syn orientation, but Carlos Barbas and his colleagues discovered that by 
using pipecolic acid (a proline analogue with a six-membered ring) as 
the catalyst, a mixture of syn and anti products resulted. The challenge 
then was whether further modifications could be made to the catalyst to 
result in reactions that were highly selective for the anti orientation. 

In collaboration with Barbas’s research group, we modelled the tran- 
sition states of these reactions and found that selectivity for the anti 
orientation arises when the s-cis-enamine intermediate (formed from 
a reaction between the catalyst and the aldehyde reactant) attacks the 
imine starting material, rather than the alternative possibility in which 
the s-trans-enamine attacks’’. On this basis, several potential catalysts 
that would favour the s-cis transition state were proposed, and compu- 
tations were carried out to predict which of these molecules would be 
highly selective for the product in the anti orientation. The molecule 
shown in Fig. 4a was predicted to result in the anti product selectively 
(with 5% syn products and 95% anti products, and 98% enantiomeric 
excess). Subsequent experiments with this molecule by Barbas’s research 
group showed remarkable agreement with these predictions (6% syn 
and 94% anti, and 99% enantiomeric excess)'®. Such in silico screening 
can be much quicker than making each potential catalyst and checking 
it experimentally, so these studies show how computational methods 
could be used to save time when designing catalysts. 

Other types of organocatalysis have also proved amenable to compu- 
tational predictions. Thioureas, for example, are effective catalysts for 
activating various substrates containing a carbonyl group”’. But they are 
not as effective at activating epoxides. To tackle this problem, Stephen 


Connon, Isabel Rozas and their colleaguesused computational methods 
to model the structures of analogues of thioureas and ureas in com- 
plex with epoxides’. On the basis of their results, they predicted that 
N-tosyl ureas would form stronger complexes with epoxides than would 
thioureas or ureas and therefore could catalyse epoxide ring-opening 
reactions. Subsequent experiments showed that this was the case — 
N-tosyl ureas successfully catalyse the addition of indoles to styrene 
oxides (Fig. 4b), whereas the previously known bis-(aryl)thiourea com- 
plexes are essentially inert. 

These are examples of the state of the art in the computational design of 
catalysts. The greatest successes have involved modifying molecules that 
show some catalytic activity, through using the knowledge gleaned from 
computational models to design a second generation of catalysts. Given 
a well-understood candidate catalyst, chemists can use their intuition to 
suggest modified compounds that might work better or a diverse library 
of structurally related analogues to explore. Computations can then be 
used to determine which of these should be the best catalyst. This is akin 
to computational approaches to drug design, in which the activity ofa 
compound is successfully optimized by starting with a ‘lead’ structure. 


Designing organometallic reactions 

Computational approaches are most accurate for predicting the cata- 
lytic activities of analogues of existing catalysts. But, in theory, these 
approaches should be able to make predictions about any class of com- 
pound, not just analogues of those used as a ‘training set’ for the compu- 
tational model. Marisa Kozlowski and her colleagues have developed 
several computational tools to achieve this goal. They have created 
computational models for catalytic activity based on either the transi- 
tion state for a particular reaction” (as calculated by quantum-mechani- 
cal methods) or the structures of the catalysts in their ground states” 
(which are much easier to determine than transition states). Quantitative 
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Figure 1 | Time required to compute molecular structures. Shown is the approximate time taken to compute the structure of molecules of various sizes by using 
density functional theory and double-zeta basis sets on a modern desktop computer with appropriate memory and storage. The time required (shown ona log 
scale) increases exponentially with the size of the molecule. Structures were generated using PYMOL”, QuteMol” or CYLview”. 
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Figure 2 | Successful computational predictions of non-catalytic reactions. 

a, In cyclobutene ring-opening reactions, 3-methylcyclobutene forms 

mainly the E-isomer of 1-methylbutadiene (as well as a small amount 

of the Z-isomer); the experimentally determined ratio is <1 Z-isomer to 

20 E-isomers. b, Using this knowledge as a starting point, computations 
correctly predicted the stereochemical outcomes of three analogous 
reactions” ’, as verified by subsequent experiments, even though the products 
were mainly Z-isomers rather than E-isomers. In these reactions, the 
electron-withdrawing substituents favour inward rotation, whereas, in the 
original reaction, the electron-donating substituent favours outward rotation. 
HF/3-21G?" is an ab initio computational method, and B3LYP/6-31G* is a 
density-functional-theory computational method. Me, methyl; R, CMe,Ph. 


structure-selectivity relationships for catalysts can thus be developed. 
This method was used to predict new and effective B-aminoalcohols, 
ligands that help to catalyse enantioselective additions of diethylzinc 
to benzaldehyde. 

Computational methods not only can help to design catalysts for 
known reactions but also can predict new catalytic reactions. Paul 
Wender and his colleagues have developed a series of reactions that are 
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catalysed by the rhodium dimer [Rh(CO),Cl],, including several [5 + 2]- 
cycloaddition reactions of vinylcyclopropanes with alkynes or allenes™. 
Intriguingly, the analogous reactions with alkenes do not work. From 
this collaboration” with Wender and one of us (K.N.H.), Zhi-Xiang Yu 
knew that the problem lay in the final step of the reaction mechanism 
(a reductive-elimination reaction). He speculated that an alternative 
alkene reaction — a [5+ 2+ 1]-multicomponent cycloaddition to form 
cyclooctenones — might occur if carbon monoxide was added to the 
reaction mixture. Yu computed the energies of the proposed new reaction 
and found that the [5 + 2 + 1]-cycloaddition was feasible”. He and his co- 
workers then confirmed this prediction experimentally (Fig. 4c), showing 
that cyclooctenones form in the presence of carbon monoxide. 


Speed versus accuracy 

From the studies discussed here, it is clear that computational chem- 
istry has proved its worth as a predictive tool for the development of 
catalysts. Methods for rapidly screening virtual libraries of catalysts have 
been developed™, and leads from completed experimental screens can 
be modified in silico. Thus, only the most effective compounds need 
to be pursued in follow-up experiments. Nevertheless, highly accurate 
methods for modelling large molecular systems are lacking, and cer- 
tain compromises must, inevitably, be made in terms of the accuracy of 
theoretical models. The development of techniques that allow reason- 
ably accurate predictions in a short time is therefore a crucial strand of 
current research. 

One example of such work has been reported by Ghislain Deslong- 
champs and his colleagues. They have developed a rapid computational 
method to screen transition structures of catalysed processes and 
have applied this method to various reactions, such as the TADDOL- 
catalysed hetero-Diels— Alder reaction”. This useful method is based on 
molecular mechanics and assumes that the geometry of the substrate 
in the uncatalysed process is the same as in the catalysed one. However, 
this assumption might not always be accurate, so care must be taken 
in interpreting the results. Such methods sometimes predict transition 
states with relative energies that differ from those obtained using fully 
quantum-mechanical methods, owing to the approximate nature of the 
force-field method”. 

Experimental studies are usually carried out in solution, and the calcu- 
lation of solvation energies is another factor that reduces the accuracy of 


Figure 3 | Transition structures of the Hajos-Parrish 
reaction. The Hajos—Parrish reaction (a) was one 
of the first reported organocatalytic processes. Four 
possible transition states for this reaction were 
modelled” using the hybrid density-functional- 
theory method B3LYP and the basis set 6-31G*. 
The computations revealed that the most favoured 
transition state involves the s-trans-enamine 
intermediate (b, left), which incorporates a 

shorter, and therefore more strongly stabilizing, 
electrostatic interaction (green) between a 
hydrogen atom in the pyrrolidine ring and the 
oxygen atom of the developing alkoxide than 

does the s-cis-enamine intermediate (b, right). 

The side view of the s-trans enamine shows that 
this intermediate is a stable, undistorted (planar) 
developing iminium ion, whereas the s-cis-enamine 
intermediate is an unstable, distorted (non-planar) 
developing iminium ion. The favoured transition 
state leads to the formation of the major product 
that is observed experimentally, whereas the 

other transition state leads to the minor product. 
The main structural differences between the two 
intermediates are shaded in pale blue (s-trans form) 
and pale pink (s-cis form). Carbon is shown in grey, 
hydrogen in white, oxygen in red and nitrogen 

in blue. Distances between atoms are indicated in 
angstroms. Structures were generated using 
CYLview”. E, energy. 
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computational methods. Most computational studies use polarizable con- 
tinuum solvation models to compute solvation energies. These models use 
a polarizable continuum to compute the extent to which the solvent stabi- 
lizes the solutes dipole, as well as surface and cavitation terms to describe 
the solute’s contact with the solvent”. Specific individual interactions, such 
as hydrogen bonding, are overlooked in these models but can be captured 
by more elaborate models, such as explicit solvation dynamics”. It should 
be noted that there are also pitfalls in using quantum-mechanical meth- 
ods, such as the commonly used density-functional-theory calculations. 
These methods cannot accurately model dispersion forces (such as van der 
Waals interactions), which result from an electron-correlation effect. 
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Figure 4 | Successful computational 
predictions of catalysts. a, Most Mannich 
reactions catalysed by organocatalysts mainly 
yield products in the syn configuration (top). 
Chemists designed an organocatalyst selective 
for the anti configuration (bottom) based on 
computational analysis of information from a 
proline-catalysed Mannich reaction’®. b, The 
design of an epoxide-activating urea catalyst 
(bottom) came from the computational 
analysis of known thiourea catalysts (top) that 
activate carbonyl-containing compounds”. 

c, Rhodium-catalysed [5 + 2]-cycloaddition 
reactions of vinylcyclopropanes with allenes 
(not shown) or alkynes (top) are fast, but the 
analogous reactions with alkenes (centre) 

are slow. Computational analysis of these 
reactions led to the design of an analogous 
[5+2+ 1]-multicomponent-cycloaddition 
reaction that yields cyclooctenones” (bottom). 
Carbon is shown in grey, hydrogen in white, 
oxygen in red, nitrogen in blue, chloride in 
green and rhodium in purple (large spheres). 
Critical carbon-carbon bond-forming 
distances in the transition structure are 
indicated in angstroms. Transition-state 
structures were generated using CYLview”. 
d.r., diastereomeric ratio; e.e., enantiomeric 
excess; Et, ethyl; i-Pr, isopropyl; R, alkoxy, 
alkyl, siloxy; ¢, transition state. 


Although they have not been perfected, several recent theoretical advances 
are leading to more efficient and more accurate computations’. 


Catalysts for all occasions 


What is the prospect of predicting, from scratch, the efficacy of a cata- 
lyst for any arbitrary reaction? Is it even possible to predict accurately 
what occurs when a mixture of chemicals is placed in a solvent? These 
predictions are impractical at present, because of the numerous potential 
reactions that typically need to be studied to define any single system. 
It is clear, however, that computational chemistry is suited to predict- 
ing the activation energies and stereoselectivities of particular steps in 
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a reaction pathway or even of whole catalytic cycles. For example, the 
complete catalytic cycles of proline-catalysed aldol reactions'*"' and of 
transition-metal-catalysed cycloaddition reactions”” have been studied 
computationally. But, in these cases, the overall reactions were known, so 
all of the potential competing reactions did not need to be computed. 

Despite these issues, there have been some moderate successes in the 
a priori computational design of effective catalysts, such as the ‘theozyme 
approach. A theozyme is a theoretical catalyst, designed by computing 
the optimal geometry of functional groups to stabilize an uncatalysed 
transition state”. Theozymes were originally devised to help to identify 
the catalytic residues of enzymes, but the same idea can be used to design 
catalysts. Hendrik Zipse and colleagues, for example, have used the com- 
puted transition structure for an uncatalysed aminolysis reaction” to 
predict a host molecule that encapsulates and moderately stabilizes the 
transition state, leading to moderate catalysis”. Theozymes are also 
the starting point for the computational design of proteins that have fold- 
ing properties and catalytic functions that differ from natural enzymes; 
two successful examples of this type have been reported, showing the 
power of computational design**™*. 

The de novo prediction of effective catalysts for any given reaction 
is a distant goal, but the computational prediction and design of more 
effective analogues of known catalysts is a reality. Similarly, during drug 
discovery, no one expects a drug to be designed from scratch using com- 
putational methods, but such techniques are invaluable for optimizing 
existing leads. At present, however, the use of computational methods 
for the design of catalysts is relatively rare, whereas it is an accepted 
— and some would say essential — part of drug discovery. 

It is time for chemists’ perceptions of computational techniques to 
change. These techniques provide information about known catalytic 
reactions that is not available from experiments alone, but this informa- 
tion now extends beyond that obtained by mere rationalizations. As the 
examples discussed here show, computational techniques have become 
an invaluable tool for predicting the behaviour of catalysts and have 
earned their place as a standard tool for the design of catalysts. a 
K. N. Houk and Paul Ha-Yeon Cheong are at the University of California, Los 
Angeles, Department of Chemistry and Biochemistry, 607 Charles E. Young 
Drive East, Los Angeles, California 90095, USA. 
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Carbon-heteroatom bond formation 
catalysed by organometallic complexes 


John F. Hartwig! 


At onetime the synthetic chemist's last resort, reactions catalysed by transition metals are now the preferred 
method for synthesizing many types of organic molecule. A recent success in this type of catalysis is the 
discovery of reactions that form bonds between carbon and heteroatoms (such as nitrogen, oxygen, sulphur, 
silicon and boron) via complexes of transition metals with amides, alkoxides, thiolates, silyl groups or boryl 
groups. The development of these catalytic processes has been supported by the discovery of new elementary 
reactions that occur at metal-heteroatom bonds and by the identification of factors that control these reactions. 
Together, these findings have led to new synthetic processes that are in daily use and have formed a foundation 
for the development of processes that are likely to be central to synthetic chemistry in the future. 


Organometallic complexes contain organic groups attached to a central 
metal through metal-carbon (M-C) bonds. These complexes undergo 
a set of elementary reactions, many of which release products contain- 
ing new C-C or C-H bonds. The linking of these reactions to generate 
catalytic processes that form C-C bonds has been a recent focus of 
synthetic chemistry research. Such organometallic catalysts are now 
used to form C-C bonds in commodity chemicals (cheap chemicals 
sold in bulk) and polymers that are produced on the scale of millions 
of tonnes per year. They are also used in tailor-made polymers that are 
produced in small quantities and in highly intricate pharmaceuticals 
and biologically active natural products (see page 323), which are typi- 
cally produced in milligram quantities for biological testing. 

The backbone of many organic compounds is composed of C-C 
bonds, but the function of these molecules is often derived from the 
presence of heteroatoms, such as nitrogen, oxygen and sulphur, which 
are held in these molecules by C-heteroatom bonds. For example, 
pharmaceuticals and conductive polymers (plastics that conduct elec- 
tricity) often contain amine C-N bonds, and almost all natural products 
contain ether, ketone or ester C-O bonds. Heterocyclic compounds in 
which C-N, C-O or C-S bonds are present in the ring structure are 
found in all applications of chemistry. Moreover, useful intermediates 
in synthesis often contain C-B or C-Si bonds that are later converted 
into C-C, C-O or C-N bonds in the final products. 

Amines, alkoxides, thiolates and related reagents are common 
nucleophiles in reactions that occur without a catalyst. However, these 
reagents do not react with the weak electrophiles that are useful for 
synthesis, such as aromatic halides, and they do not react with common 
electron-rich reagents, such as alkenes. Thus, the ability to carry out 
catalytic reactions that form these C-heteroatom bonds would substan- 
tially affect the synthesis of molecules with important functions. Such 
catalytic reactions would involve reactions at M-heteroatom bonds that 
resemble classic organometallic reactions at M—C bonds. Compounds 
with M-heteroatom bonds that undergo these types of reaction are 
referred to here as hetero-organometallic complexes. To tap the potential 
of these compounds as intermediates in emerging catalytic processes, 
the principles that control their reactivity need to be understood, and 
these are now beginning to be delineated. 


In this review, I describe carbon—heteroatom bond formation cata- 
lysed by organometallic complexes and the underlying hetero-organo- 
metallic chemistry. I focus on several examples: cross-coupling to form 
C-N, C-O and C-S bonds'*; C-H bond functionalization to form C-O 
(ref. 4), C-X (where X is a halide) (refs 5, 6) and C-B (ref. 7) bonds; 
and olefin oxidations® and aminations””” to form C-O and C-N bonds 
(where olefins are compounds that contain at least one C-C double 
bond, and alkenes are aliphatic olefins with the general formula C,H,,,). 
In addition, the principles of metal-ligand bonding are used as a frame- 
work to explain the differences in reactivity between organometallic 
intermediates and hetero-organometallic intermediates. 


Classic processes catalysed by organometallic systems 
Several classic catalytic reactions of organometallic systems have 
been used for decades. Three of these processes — cross-coupling, 
hydrogenations of olefins and metathesis of olefins (Fig. la-c) — are 
commonly used by synthetic chemists. A fourth process — dehydro- 
genation of alkanes (Fig. 1d) — has been highly sought and is being 
developed. 

Palladium-catalysed cross-coupling to form C-C bonds is one of the 
most frequently used catalytic processes for synthesizing medicinally 
active compounds. Examples of products prepared by this method are 
the antihypertensive drugs known as sartans"’, the anti-asthma drug 
Singulair (montelukast sodium)”, products such as sunscreen” and the 
polymers used for light-emitting diodes and for sensing the explosive 
trinitrotoluene (TNT)'*’. The intermediates that form the new C-C 
bond in the final product are classic organometallic species. 

Hydrogenations of olefins are carried out ona large scale for the syn- 
thesis of commodity chemicals and on a small scale for the synthesis of 
fine chemicals and advanced pharmaceutical intermediates. Materials 
ranging from margarine (partially hydrogenated vegetable oil)” to the 
most structurally and stereochemically intricate natural products are 
prepared by hydrogenation, and in 2001 the Nobel Prize in Chemistry 
was awarded in part for work on enantioselective hydrogenation”. 

Another classic catalytic reaction of olefins — the cleavage and 
re-formation of C=C bonds, known as olefin metathesis — occurs 
through complexes that contain M=C bonds, and the chemists behind 
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Figure 1 | Catalytic C-C and C-H bond-forming processes. Cross-coupling 
(a), hydrogenation of olefins (b) and metathesis of olefins (c) are commonly 
used reactions in organic synthesis. Alkane dehydrogenation (d) has been 
studied as a means to modify typically unreactive alkanes and has been 
combined with alkene metathesis to develop a new alkane metathesis. 
L,, ancillary ligand; M, metal. 


this work were awarded the Nobel Prize in Chemistry in 2005 (see ref. 19 
for a recent review). 

The conversion of typically unreactive C-H bonds to C=C and C-X 
bonds (where X is O, N, B or Si)”*”’ holds promise for reducing the reli- 
ance on existing functional groups. The cleavage of two C-H bonds in 
an alkane to form the C=C m-bonds in alkenes (Fig. 1d) has been studied 
intensively. Such dehydrogenation has recently been used, in tandem 
with olefin metathesis, to develop a catalytic process termed alkane 
metathesis”, which cleaves and reforms the C-C bonds in alkanes. 


Classic elementary reactions of organometallic complexes 
Catalytic processes consist of a series of elementary, stoichiometric 
reactions. Advances in the synthesis of transition-metal complexes, the 
discovery of new elementary, stoichiometric reactions of these com- 
plexes, and the development of methods to link these steps together 
into catalytic cycles have led to the development of many of the catalytic 
organometallic processes used today. Typical elementary reactions of 
organometallic complexes in such catalytic cycles include oxidative 
addition, reductive elimination, migratory insertion, 6-hydrogen elimi- 
nation and [2+2] cycloadditions””* (Fig. 2). Oxidative addition adds 
an organic reagent to a transition metal through insertion of the metal 
into one of the bonds of the incoming reagent. Reductive elimination 
extrudes an organic product by coupling two ligands on the metal. 
Migratory insertion leads to the incorporation of a bound, neutral 
(dative) ligand into a metal-ligand covalent bond, and f-elimination 
extrudes such a ligand. 

These elementary reactions (and several others) have been used to 
create hundreds of catalytic processes. Cross-coupling (Fig. 2a) occurs 
by a sequence of steps initiated by the oxidative addition of an organic 
halide and finished by reductive elimination. Hydrogenation (Fig. 2b) 
often occurs by a combination of oxidative addition of the H-H bond 
in dihydrogen, olefin insertion to form the first C-H bond and reduc- 
tive elimination to form the second C-H bond. The closely related and 
industrially important addition of silanes to alkenes occurs by a similar 
sequence that is initiated by oxidative addition of an H-Si bond”, and 
many reactions that lead to functionalization of C-H bonds begin with 
oxidative addition ofa C-H bond. The metathesis of olefins occurs by a 
series of [2 + 2] and retro [2 + 2] cycloadditions (Fig. 2c). 


Elementary reactions of hetero-organometallic complexes 

Although the classic organometallic reactions, which form C-H bonds 
and C-C bonds, have been known for decades, few examples of reactions 
that form or cleave M-heteroatom bonds (shown generically in Fig. 3) 
have been recorded until fairly recently. The absence of this reaction 
chemistry hampered efforts to develop catalytic cross-couplings, addi- 
tions to olefins, and C-H bond functionalizations that form C-N, C-O or 
C-S bonds. Until recently, there were no isolated transition-metal com- 
plexes that underwent reductive elimination to form C-N, C-O and C-S 
bonds in amines, ethers and sulphides”, and few compounds reacted 


with the N-H bond in ammonia to form a monomeric product™”. Iso- 
lated complexes that inserted simple alkenes into the M-N or M-O 


bonds of M-amido or M-alkoxo complexes were also unknown”. 


And M-imido or M-oxo complexes that undergo [2+ 2] cycloadditions 
with alkenes (in which the two atoms of the M=O or M=N n-bond 
combine to make a saturated four-membered ring) were not known until 
the past decade”. The limited precedent for these processes raised the 
question of whether it was possible to develop organometallic processes 
to form amines, ethers and sulphides, or whether the metal-ligand com- 
binations necessary to trigger this reactivity had not yet been identified. 
Recent progress clearly indicates that the latter was true. 

Much of the literature on M-alkoxo or M-amido complexes can be 
divided into two sets. In one set, high-valent early-transition M-alkoxo 
and M-amido complexes were commonly used, but the amides and 
alkoxides were typically ancillary ligands because the M—O and M-N 
bonds in these complexes were too strong to display extensive reactivity. 
In the second set, methods to prepare late-transition-metal-amido and 
-alkoxo complexes were beginning to be developed, and the properties 
of these complexes were beginning to be explored*’. These complexes, 
however, were often too unstable towards B-hydrogen elimination to 
observe reactions that would form C-N or C-O bonds. 

In recent years, our understanding of the reactions of M-amido, 
M-alkoxo and M-thiolato complexes has changed markedly. Many 
researchers are beginning to develop synthetically valuable processes 
relying on hetero-organometallic intermediates. One current funda- 
mental issue is how the differences in properties between carbon anda 
heteroatom change the course of these reactions. For example, does an 
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Figure 2 | Mechanisms of three common catalytic organometallic 
processes. a, Cross-coupling is initiated by oxidative addition of an 
organic halide, continues through transmetallation and terminates by 
reductive elimination. b, Hydrogenation begins with oxidative addition of 
the H-H bond in dihydrogen, migratory insertion of an olefin to forma 
C-H bond and reductive elimination to form a second C-H bond. ¢, The 
metathesis of olefins occurs through a series of [2 + 2] cycloadditions and 
retro [2 +2] cycloadditions. Ar, aryl. 
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Figure 3 | Recently discovered organometallic reactions of transition- 
M-heteroatom bonds. a, Reductive elimination to form C-N, C—O and 
C-S bonds in amines, ethers and thioethers. b, Oxidative addition of amine 
N-H bonds. ¢, Migratory insertions of olefins into metal amides and metal 
alkoxides. d, [2 + 2] Cycloadditions between olefins and M-imido or M-oxo 
complexes. These reactions are analogues of classic reactions occurring at 
M-C bonds and have only recently been discovered. 


increase in the electronegativity of the atom bound to the metal increase 
or decrease the rate of addition, insertion, elimination or cycloaddition? 
How does the presence of an electron pair on the heteroatom affect the 
rates of these reactions? Does the presence of an unoccupied valence 
orbital on the heteroatom affect the rates of these reactions? The exam- 
ples described here show that the set of guidelines needed to explain the 
patterns of reactivity is more complex than matching or mismatching 
hard or soft ligands with hard or soft metals*. A few such guidelines are 
presented in the context of the emerging catalytic processes that form 
C-heteroatom bonds through the reactions of hetero-organometallic 
species: namely cross-coupling to form C-N, C-O and C-S bonds; C-H 
bond functionalization to form C—O, C-X (where X is a halide) and 
C-B bonds; and olefin oxidations and aminations to form C—O and 
C-N bonds. 


Catalysis by carbon-heteroatom reductive elimination 
Cross-coupling reactions to form the C-N, C-O and C-S bonds in 
amines, ethers and sulphides (Fig. 4a) are widely used for the synthesis 
of pharmaceutical candidates, fine chemicals, polymers, components 
of organic devices and even ligands for other catalysts'”*. The C-N 
coupling process evolved from an initially” promising, but relatively 
impractical, coupling of tin amides with aryl halides in the presence 
of a palladium catalyst containing a sterically hindered, monodentate 
(bonded through a single atom) aromatic phosphine” into a general 
process that has been made practical by several successive generations 
of catalysts. 

The initial process involving tin amides was replaced by reactions 
involving amines and a base*””’. The scope of the new process became 
broader with the use of bidentate aromatic phosphines that inhibited 
competing B-hydrogen elimination’, and later with the use of steri- 
cally hindered alkyl monophosphines'*** that allowed the activation of 
less reactive haloarenes and the coupling of weaker oxygen nucleophiles. 
Recent ‘fourth-generation’ catalysts containing sterically hindered alkyl 
bisphosphines further improved catalyst efficiency’. Overall, the 
development of these processes began to demonstrate the capability 
of late-transition-metal-amido, -alkoxo and -thiolato complexes to 
participate productively in catalytic cycles. 

The basic steps of the mechanism of the amination process are shown 
in Fig. 4b. Analogous steps lead to catalytic cycles to form ethers and 
thioethers. Like cross-coupling to form C-C bonds, this process is ini- 
tiated by oxidative addition ofa haloarene. An arylpalladium-amido, 
-alkoxo or -thiolate complex is then formed from the oxidative addition 
product by reaction of an amine, alcohol, or thiol and base. The catalytic 
cycle is then completed by reductive elimination to form the C-N, C-O 
or C-S bond in the product amine, ether or thioether. 

The scope of the final reductive elimination reaction in this catalytic 
cycle was striking. Although reductive eliminations to form the C-N, 
C-O or C-S bond in an amine, ether or thioether were unknown when 
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Figure 4 | Aspects of palladium-catalysed amination of aryl halides 

and related reactions. a, The overall transformation in the presence 

of a palladium (Pd) catalyst. Four generations of ligands (L) have been 
developed for the catalytic process. The first-generation catalyst contained 
P(o-tolyl),. The second-generation catalysts contained chelating aromatic 
phosphines as ligand: DPPF (1,1’-bis(diphenylphosphino) ferrocene), 
BINAP (2,2’-bis(diphenylphosphino)-1,1’-binaphthyl) and xantphos 
(4,5-bis(diphenyl-phosphino)-9,9-dimethylxanthene). The third- 
generation catalysts contain hindered alkylphosphines and carbenes: 
P(t-Bu);, Ph;FcP(t-Bu),, N-heterocyclic carbenes, (biaryl)PR,, 
(heterobiaryl)PR, and caged P(NRR’);. The fourth (most recent) 
generation of catalysts contain hindered ferroceny] alkyl bisphosphines. 
b, The catalytic cycle involving oxidative addition of an aryl halide, 
formation of an arylpalladium amide and reductive elimination of 

an amine. ¢, Reactions revealing the electronic effects on reductive 
elimination to form C-N bonds in amines and amides, and C-O bonds 

in ethers. The rates of reductive elimination from Pd(11) are faster when 
the heteroatom bound to the metal is more electron rich. Fc, ferroceny]; 
i-Bu, isobutyl; Me, methyl; OTF, trifluoromethanesulphonate; OTs, 
4-toluenesulphonate; Ph, phenyl; t-Bu, tert-butyl; tolyl, C;H,-4-Me. 


the coupling reactions were first being developed, the broad scope of 
catalytic couplings of aryl halides with amines, alcohols and thiols now 
implies that these types of reductive elimination can occur from aryl- 
palladium(11) complexes containing a diverse set of aryl and heteroaryl 
groups, as well as a diverse set of amido, alkoxo and thiolato groups. In 
fact, with the right ancillary ligands on the metal, these reactions are 
typically faster than competing processes, such as B-hydrogen elimina- 
tions, that lead to undesired side products. 
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Electronic effects on carbon-heteroatom reductive elimination 


Although amido and alkoxo ligands have now been shown to participate 
in the type of reductive elimination reactions that alkyl ligands undergo, 
the electronic properties of amido and alkoxo ligands cause the rates and 
scope of these reactions to differ in synthetically important ways”. 

The reactions”’” in Fig. 4c show that the rate of reductive elimination 
from a series of compounds containing the same ancillary ligand is faster 
when the covalent heteroatom ligand has stronger electron-donating 
properties. Comparisons of the rates of reactions of arylamido com- 
plexes and phenoxo complexes”, and the rates of reaction of alkylamido 
versus alkoxo complexes”, also show that the rate of reductive elimina- 
tion from the amido complexes is faster than from complexes containing 
less electron-donating phenoxo and alkoxo ligands. But a comparison 
of the rates of these reactions to those of thiolate complexes shows that 
basicity alone does not control the rate. Complexes containing the less 
basic, but more polarizable and nucleophilic, thiolato ligand undergo 
reductive elimination much faster than do alkoxo complexes and at rates 
that are similar to, or faster than, those of the amido complexes”. 

These relative rates clearly argue against a trend in relative reactivity 
based on hard-soft matches and mismatches. The compounds contain- 
ing the largest hard—soft mismatch are the least reactive. (An amidate 
ligand is harder than an amide ligand, and a phenoxide is harder than 
an arylamide.) Two possible alternative explanations could be based on 
the participation of the electron pair on the heteroatom. In one case, the 
compounds containing the most basic electron pairs would be the most 
reactive because these electron pairs weaken the metal-ligand bond 
through filled—filled dn—pz-orbital interactions”; in a second case, the 
reaction would occur by attack of the electron pair on the palladium- 
bound aryl group, and the most nucleophilic electron pair would lead 
to the fastest rate. If either of these theories is correct, then substantially 
smaller electronic effects would be observed for analogous reactions of 
alkyl complexes because the alkyl complexes lack the basic electron pair 
on the atom bound to the metal. 

Studies on reductive elimination from related arylpalladium-alkyl 
complexes in which the alkyl groups have varied electronic properties” 
showed that the electronic effects on reductive elimination from the 
alkyl complexes were similar to those on reductive elimination from the 
amido complexes. Thus, the relative rates for reductive elimination from 
amido complexes are unlikely to result from the properties of the lone 
pair on nitrogen. Instead, the dominant electronic effect on reductive 
elimination seems to result from differences in the electronegativity of 
the atom bound to the metal™*. Apparently, the more covalent and less 
ionic the M-heteroatom bond, and the more polarizable the heteroatom, 
the faster the rate of concerted reductive elimination from the inter- 
mediates in the catalytic coupling to form C-heteroatom bonds”. 

Recent studies on catalytic coupling and stoichiometric reductive elimi- 
nation from platinum(tv) have shown that the metal and the reaction 
mechanism can change the electronic effects on reductive elimination. 
Reductive eliminations of alkyl aryl ethers, alkyl acetates and N-alkyl 
sulphonamides from platinum(t1v) that are part of the mechanism of 
alkane functionalizations (discussed in the next section) occur by a 
non-concerted mechanism, and these reactions occur faster from com- 
plexes containing ligands that can better support anionic charge at the 
heteroatom than from those whose ligands are less able to support such 
charge”. Reductive elimination from arylpalladium (rv) complexes 
has also been observed, but it is too soon to draw conclusions about the 
electronic effects on these reductive eliminations. In addition, catalytic 
couplings that form C-N and C-O bonds in the presence of iron” and 
copper™ catalysts are being developed, and future studies on the interme- 
diates in these processes should show whether the electronic effects on 
reductive elimination from these transition metals are more like those on 
reductive elimination from palladium(1) or platinum(tv). 


Catalytic C-H bond functionalization 

In addition to cross-couplings that occur by reductive elimination to 
form C-heteroatom bonds, catalytic C-H bond functionalizations 
that occur through this elementary reaction have been developed. Two 
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Figure 5 | Organometallic oxidative C-O and C-halogen bond-forming 
functionalization of C-H bonds. a, Two representative directed 
functionalizations. In the upper example, the metal catalyst binds to the 
nitrogen of the oxazoline substituent, and this binding positions the catalyst 
for cleavage and functionalization of the ortho C-H bond on the phenyl 
ring. The combination of the PhI(OAc), oxidant and iodine is thought to 
lead to an intermediate arylpalladium(1v)-iodide complex, which forms 
the aryl C-I bond in the product. In the lower example, a related process 
occurs. In this case, binding of the catalyst to the oxime nitrogen positions 
it for cleavage of the C-H bond shown. The PhI(OAc), oxidant is then 
thought to lead to an alkylpalladium(1v) acetate intermediate, which forms 
the C-O bond in the product. b, General catalytic cycle for palladium- 
catalysed oxidation of C-H bonds involving cleavage of a C-H bond, 
oxidation to a high-valent metal centre and reductive elimination to form 
a C-heteroatom bond. c, Example of the C-X bond-forming step in a well- 
characterized system. This reaction is thought to model the C-heteroatom 
bond-forming step of directed C-H-bond functionalizations. Reductive 
elimination to form the C-O bond on the organic product is followed 

by coordination of deuterated pyridine solvent. D, deuterium. equiv., 
equivalents; OAc, acetate. 


classes of such reactions are shown in Figs 5 and 6. In one case (Fig. 5), 
the hydrogen in a C-H bond of an arene or alkyl chain is converted to a 
halide or acetate with regioselectivity controlled by a ligating function- 
ality. This chemistry draws parallels with previous functionalization of 
alkyl C-H bonds catalysed by platinum complexes, originally discov- 
ered by Alexander Shilov and studied intensely in recent years with the 
goal of developing selective oxidation of methane™. In a second case 
(Fig. 6), a terminal C-H bond in an alkane is functionalized by the use 
of a rhodium catalyst and boron reagents. 

These processes require transition-metal complexes that can both 
cleave a C-H bond and form a C-heteroatom bond. Some catalysts, 
such as iron-oxo complexes, do so without formation of an intermedi- 
ate containing an M—C bond. These complexes often abstract C-H 
bonds and deliver the resultant hydroxo group to an alkyl radical. 
These ‘outer-sphere’ reactions typically favour cleavage of the weaker 
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of the available C-H bonds. In other cases, a transition-metal complex 
cleaves a C-H bond to form an organometallic intermediate contain- 
ing a metal-carbon bond. These ‘inner-sphere’ processes preferentially 
lead to cleavage of primary alkyl C-H bonds over weaker secondary 


70-72 


alkyl C-H bonds to form n-alkyl intermediates’, and preferentially 
add even stronger aromatic C-H bonds over alkyl C-H bonds to form 
M-aryl intermediates’ ’. Thus, a method to couple the resultant organo- 
metallic ligand to an alkoxide, amide or halide ligand would create 
methods for inner-sphere, organometallic C-H bond ‘functionaliza- 
tion that complement the regioselectivity of methods based on outer- 
sphere C-H activation. 

The reactions shown in Figs 5 and 6 demonstrate two approaches 
to C-H bond functionalization by C-heteroatom bond-forming 
reductive elimination. In the first approach, the barrier to reductive 
elimination was reduced by generating high-valent intermediates. 
Although reductive eliminations to form C-O and C-halogen bonds 
from palladium(1) intermediates are slow and require particular lig- 
ands™, reductive eliminations to form C-O and C-halogen bonds from 
palladium(1v) could be more rapid and more general. Thus, oxidation 
of an alkylpalladium(1) product of C-H activation could generate a 
high-valent intermediate that would result in functionalization of the 
alkyl intermediate by reductive elimination to form C-O or C-halogen 
bonds®*”. This approach, in combination with the incorporation of a 
functional group in the substrate that can ligate the metal, has been used 
to develop directed functionalization of both aromatic” and aliphatic 
C-H bonds*” (Fig. 5a). 

The mechanism of the palladium-catalysed oxidations (Fig. 5b) is 
initiated by cleavage of the C-H bond by palladium (1) complexes. This 
cleavage has been shown by several studies to occur by coordination 
of the C-H bond to the metal, followed by deprotonation”. Oxidation 
of the palladium(11) intermediate then forms a palladium(tv) inter- 
mediate that undergoes reductive elimination to form the C-heteroatom 
bond. Reductive elimination to form a C-O bond from an isolated 
palladium(1v) complex has now been observed directly” (Fig. 5c). 

In the second approach, the functionalization of terminal alkyl C-H 
bonds and sterically accessible aryl C-H bonds” was developed by 
exploiting the electronic properties of intermediates containing M-B 
bonds’ (Fig. 6a). The catalytic cycle for the alkane functionalization 
(Fig. 6b) involves the reaction of rhodium -bory] intermediates with 
primary alkyl C-H bonds to form organometallic intermediates that 
undergo B-C bond-forming reductive elimination. Currently available 
mechanistic data imply that the C-H bond cleavage and the B—C bond 
formation occur with low barriers, owing to participation of the unoc- 
cupied orbital on boron. 

A detailed mechanism of the C-H bond cleavage step of this proc- 
ess’, as deduced by calculations using density functional theory (DFT), 
is shown in Fig. 6c. These calculations imply that the hydrogen atom is 
passed from the coordinated alkane to the unoccupied p orbital at boron 
to cleave the C-H bond. These modes of C-H bond cleavage are new 
and result from the presence of an unoccupied p orbital on boron. The 
current computational data on this process do not address the issue of 
regioselectivity, but previous studies on the stoichiometric cleavage of 
C-H bonds to form M-alkyl products also selectively cleave terminal 
C-H bonds, in part owing to steric effects”. 

This new pathway for C-H bond cleavage would not be productive 
without accompanying B-C bond formation. Fortunately, this B-C bond 
formation occurs with a low barrier, presumably because of a favourable 
match between the electrophilic boryl group and a nucleophilic alkyl 
group. Thus, the electronic properties of boron are intimately involved in 
both the activation and functionalization stages of this catalytic, organo- 
metallic alkane functionalization. 


Catalysis by olefin insertions into M-O and M-N bonds 

Addition reactions to olefins constitute some of the most desirable, 
and when successfully developed, most used catalytic reactions in the 
chemical industry. Thus, much recent effort has been focused on reac- 
tions that form C-heteroatom bonds using olefins as reagents. Several 
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Figure 6 | Summary of the functionalization of alkanes with M-B 
intermediates. a, The overall transformation. In this process, the rhodium 
catalyst selectively cleaves the terminal C-H bond of an alkane or of the 
alkyl group of an acetal, ether, amine or alkyl fluoride, and it delivers a 
boryl group from the diboron (pinB-Bpin) reagent to the resultant alkyl 
intermediate to form the functionalized product. b, The catalytic cycle for 
alkane borylation involves C-H bond cleavage by an M-B intermediate 
followed by reductive elimination to form a B-C bond. ¢, The energetics 
of the reaction coordinate for C-H bond functionalization by M-B 
complexes deduced by using a density-functional-theory method. 

This reaction coordinate shows that the p orbital on boron assists in 

the C-H bond-cleavage step. Cp*, pentamethylcyclopentadieny]; 

pin, pinacolate. 


types of catalyst for the oxidations and oxidative aminations of olefins 
through organometallic intermediates have been shown recently to 
react through yet another set of elementary reactions of alkoxo and 
amido complexes, paralleling the reactions of alkyl complexes. These 
reactions are olefin insertions into M—N and M-O bonds, and cata- 
lytic reactions that involve this class of elementary reaction include 
the following: palladium-catalysed oxidations of olefins to form alde- 
hydes, vinyl ethers and vinyl acetates; related oxidative aminations to 
form enamides; and hydroaminations of alkenes to form alkylamines. 
Other catalysts for the hydroamination of alkenes have been shown to 
react through organometallic amido intermediates generated by [2+ 2] 
cycloadditions between imido complexes and alkenes. 
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Figure 7 | Organometallic oxidation and oxidative amination of olefins. 

a, The overall mechanism for the palladium-catalysed oxidation of olefins. 
b, c, Mechanisms for the C-heteroatom bond-forming step of the catalytic 
process. This step can occur by nucleophilic attack on a coordinated 

olefin (b) or migratory insertion into an M-heteroatom bond (c). 

6-H elim., B-hydrogen elimination. 


Organometallic olefin oxidation and oxidative amination 

A generic scheme for palladium-catalysed olefin oxidation is shown in 
Fig. 7. Extensive mechanistic studies on this process have led research- 
ers to agree on the intermediacy of hydroxyalkyl, alkoxyalkyl, acetoxy- 
alkyl and aminoalkyl complexes (Fig. 7a). However, there has been 
a longstanding debate about the mechanism for formation of these 
intermediates”. By one mechanism (Fig. 7b), the B-functionalized 
alkyl intermediate is formed by coordination of an olefin and subse- 
quent nucleophilic attack onto the coordinated olefin. By an alternative 
mechanism (Fig. 7c), the olefin coordinates and then inserts into an 
accompanying hydroxo, alkoxo, carboxylate or amidate ligand. Several 
recent experiments have shown that insertion of the olefin into an M-O 
or M-N bond leads to hydroxyalkyl, alkoxyalkyl or aminoalkyl inter- 
mediates under some of the commonly used reaction conditions. 

The stereochemistry of certain oxidation products differentiates these 
two paths. External nucleophilic attack leads to an anti addition of the 
metal and the nucleophile across the C=C bond, whereas insertion leads 
toa syn addition of the two. Oxidations of internal olefins or deuterium- 
labelled terminal olefins in the presence ofa source of electrophilic chlorine 
(such as CuCl,) would lead to different stereoisomeric halohydrin prod- 
ucts from the two mechanisms. The identity of products from cyclic 
substrates can also reveal the mechanism of formation of the hydroxy- 
alkyl, alkoxyalkyl or aminoalkyl intermediate. 

These studies*’* showed that reactions conducted in the absence of 
chloride form products through a syn addition across the C=C bond, 
whereas analogous reactions conducted in the presence of chloride 
form products through an anti addition across the C=C bond. Most 
probably, at high concentrations of added chloride, coordination of 
chloride occurs and discourages the generation of a hydroxo or alkoxo 
ligand positioned cis to the olefin, whereas in the absence of chloride, 
hydroxo or alkoxo ligands are generated cis to the olefin, and subsequent 
migratory insertion occurs. Recent related experiments on the oxidative 
amination of olefins provide similar stereochemical evidence for migra- 
tory insertion of an olefin into a palladium amidate bond’. 


Hydroaminations of olefins through metal-amido complexes 

Some of the catalysts for olefin hydroamination have also been shown to 
occur by insertion of an olefin into an M-amide linkage. Complexes that 
contain two substituted cyclopentadienyl ligands on lanthanide metals 
were some of the first catalysts for intramolecular hydroaminations of 
alkenes to form nitrogen heterocycles that occurred with substantial 


turnover numbers**. These reactions have been recently extended to 
the formation of long-chain amines by the combination of ethylene 
anda dialkylamine®. The initial work has led to a family of lanthanide 


complexes that catalyse intramolecular alkene hydroamination®”’™. 


The discovery of these lanthanide-catalysed hydroaminations dispelled 
the idea that M-N bonds involving high-valent electrophilic metals are 
too strong to undergo processes that would parallel the reactions of high- 
valent organometallic complexes, such as olefin insertion. Measurements 
of lanthanide-amide and lanthanide-alkyl bond strengths led to the pre- 
diction that insertions of alkenes into lanthanide-amide bonds would be 
close to thermoneutral”, and Tobin Marks first showed that lanthanide- 
catalysed hydroaminations of aminoalkenes occur by intramolecular 
insertion of olefins into lanthanide amides” (Fig. 8a). The catalytic reac- 
tions occur over the course of hours at room temperature by rate-limiting 
insertion of the olefin into the lanthanide-amide bond. 

An alternative approach to the hydroamination of C-C multiple 
bonds exploits the ability of zirconium(1v) and titanium(1v) complexes 
containing M-N multiple bonds (imido complexes) to undergo [2 + 2] 
cycloadditions with substrates containing C-C multiple bonds”. The 
catalytic cycle for the hydroamination of alkenes by neutral titanium 
and zirconium complexes (Fig. 8b) occurs by a [2 +2] cycloaddition 
between an alkene, alkyne or allene and an M-N multiple bond to forma 
four-membered metallocycle containing one M-N and one M-C bond. 
This step is similar to that of the [2 + 2] cycloadditions between alkenes 
and complexes containing M=C bonds (carbene complexes) that occur 
during olefin metathesis. Protonation of the M-C bond in the result- 
ant metallocycle by an amine, followed by elimination of the organic 
addition product regenerates the M-imido complex and releases the 
hydroamination product. In the past few years, ancillary ligands on the 
metal centre have been identified that extend these original hydroamina- 
tions of alkynes” to the intramolecular hydroamination of aminoalkenes 
to form pyrrolidines and piperidines””*. 


Insertions of olefins into metal-amide and metal-alkyl bonds 
The conclusion that some oxidative aminations and hydroaminations of 
olefins occur by insertion of an olefin into an M-amide linkage begins 


a 
7 x) 
Olefin 
oe, Cheba. insertion 
H intoa 
metal amide 
H H 


crate 2 LaCp2 
NHR i 


HoN-R 
R=aNAZ 


X.M=N 
a-Elimination ye 
X2M 
NH 


(Qs Protonolysis 
= H,N-R 


[2+2] Cycloaddition 


M= Ti, Zr 

R = alkyl, aryl, H 

X = formally anionic ligand, such as an amidate 
Figure 8 | Two mechanisms for catalytic hydroaminations of C-C multiple 
bonds through M-amido intermediates. a, Hydroamination of olefins 
catalysed by lanthanide—amides occurring by intramolecular insertions 
of alkenes into an M-amide bond. b, Hydroamination of olefins catalysed 
by group IV complexes occurring by [2 + 2] cycloaddition to forma 
metallocyclic amido intermediate. Cp, cyclopentadieny]; La, lanthanide. 


319 


© 2008 Macmillan Publishers Limited. All rights reserved 


L = ancillary phosphine ligand 


Figure 9 | Data and basis for relative rates of 

olefin insertion into alkyl, amide and alkoxo 
complexes. a, b, Examples of insertions into late- 
transition-metal-alkoxo and -amido complexes. 

c, Rationalization for why the rates of olefin insertion 
into late-transition-metal alkoxides and amides are 
faster than into late-transition-metal alkyls, based on 
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to allow a comparison of the rates of insertions of alkenes into various 
M-alkyl and M-amido complexes and an understanding of the factors 
that control these relative rates. These data provide qualitative com- 
parisons that can be used to formulate preliminary theories about the 
effect of the non-bonded electron pair on rates of olefin insertions into 
high-valent and low-valent amido complexes. 

A comparison of lanthanide-catalysed hydroamination and olefin 
polymerization reveals the relative rates of insertions of olefins into 
lanthanide-alkyl and -amide bonds. The polymerizations of alkenes by 
lanthanide catalysts involves intermolecular, rate-limiting insertions 
of ethylene into lanthanocene alkyl intermediates”, whereas alkene 
hydroaminations by lanthanide catalysts have been largely limited to 
reactions occurring by intramolecular insertions””". Because lantha- 
nide-catalysed olefin hydroamination is slower than lanthanide-cata- 
lysed olefin polymerization, the rate of olefin insertions into lanthanide 
amides seems to be slower than that of olefin insertions into lantha- 
nide alkyls. This slower rate of insertion into lanthanide amides can 
be understood by the reaction’s requirement to break an M—N bond 
that is stronger than the M-C bond. The M-N bond is stronger in this 
case because of a favourable match of a hard metal with a hard ligand 
and donation of the non-bonded electrons from the amido group into 
unoccupied orbitals on the metal. 

If the relative rates of insertions of olefins into lanthanide-amide and 
lanthanide-alkyl complexes are affected by the hardness of the lantha- 
nide metal and the ability of this metal to accept electron density from 
the electron pair on nitrogen, then the relative rates for insertions of 
olefins into amide and alkyl complexes of softer, more electron-rich late 
transition metals are likely to be different. Although insertions of olefins 
into cationic or electrophilic neutral palladium—alkyl and nickel-alkyl 
complexes can be fast””””, two recent studies suggest that the insertions 
of olefins into more electron-rich, late-transition-metal amides and 
alkoxides can be faster than into the analogous alkyl complexes. 

Certain catalytic amidoarylations and alkoxyarylations of olefins reveal 
the relative rates of insertion into M—amido and M-aryl linkages”*””. 
These reactions occur through arylpalladium amido and arylpalladium 
alkoxo complexes, and in each case the product from insertion of the 
olefin into the M-amido or M-alkoxo bond is formed. In one particu- 
larly revealing experiment (Fig. 9a), the selectivity from a catalytic alkoxy- 
arylation process involving a palladium centre bound by one alkoxo and 
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one ary] ligand showed that insertion into the palladium-alkoxo bond 
was faster than insertion into the palladium-aryl bond”. 

A second set of data (Fig. 9b) reveals the relative rates of olefin inser- 
tions into discrete rhodium-alkoxo and rhodium-amido complexes’. 
In one study, intermolecular insertion ofan olefin into a rhodium-amido 
complex forms a rhodium hydride and an enamine as the final prod- 
ucts after B-hydrogen elimination from the initially formed aminoalkyl 
species”. In a closely related study, intramolecular insertion of a coor- 
dinated alkene into a rhodium alkoxide forms a cyclic vinyl ether after 
B-hydrogen elimination from the resultant alkoxyalkyl intermediate”. 
The corresponding rhodium methyl complex does not insert alkenes. 
Thus, the rates for insertions of olefins into these rhodium alkoxides and 
amides seem to be faster than for insertions into the analogous alkyls, and 
these early data imply that this trend applies to the reactions of many other 
late-transition-metal—alkyl, —alkoxo and —amido complexes. These rates 
could be controlled by the electron pair of the ligand as summarized in 
Fig. 9c. First, the M-heteroatom bonds in the starting, low-valent alkoxide 
or amide would probably be destabilized, relative to the analogous alkyl 
complexes, by repulsion between the filled metal d orbital and the filled 
amide or alkoxide p orbital. Second, the M-heteroatom bond need not be 
fully cleaved during insertions into metal alkoxides and amides because 
the insertions can form metallocyclic products in which the covalent M-Y 
bond of the starting amido or alkoxo complex has been converted into 
an M-Y dative bond (where Y is NH or O). Because the M—N and M-O 
bonds have not been fully cleaved in this process, the barrier for inser- 
tion can be envisaged to be lower than for insertion into the related alkyl 
complex. Thus, several differences in the properties of organometallic and 
hetero-organometallic complexes can make amido and alkoxo complexes 
more reactive than M-alkyl complexes towards insertions of alkenes. 


Conclusions 

Catalytic reactions that are widely used in organic synthesis occur with 
a broad scope of substrates, a high tolerance of the reaction for aux- 
iliary functional groups, high turnover numbers, fast rates, inexpen- 
sive reagents and minimal side products. Although great progress has 
been made in the coupling of amines with aryl halides, the additions 
of amines to olefins, the oxidation of olefins and the functionalization 
of C-H bonds, further progress is needed before all of these reactions 
will become everyday tools of the synthetic chemist. 
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The additions of amines to ary] halides occur with sufficient scope and 
efficiency that it is now a commonly used synthetic method in both aca- 
demic and industrial settings. However, advances in the other catalytic 
reactions discussed in this review are needed for them to become acom- 
mon synthetic tool. For example, coupling of aryl halides with weaker 
heteroatom nucleophiles, such as alcohols, does not yet occur with an 
acceptable scope and efficiency. Likewise, intramolecular hydroami- 
nation of alkenes needs to occur with more hindered alkenes, with 
control of stereochemistry and with much lower amounts of catalyst, 
and it needs be developed into an intermolecular process. The func- 
tionalization of C-H bonds needs to be developed into a process that 
occurs with milder and less expensive reagents, and it needs to occur 
with much lower amounts of catalyst and additives. It is anticipated that 
an increased understanding of the factors that control the elementary 
reactions of these catalytic cycles will greatly accelerate the discovery of 
new catalysts that overcome these current limitations. 

The establishment of these principles and their use in generat- 
ing improved reactions will bring the field of homogeneous catalysis 
closer to a stage at which new catalysts and catalytic reactions can be 
designed. Although a framework has been established to plan synthetic 
sequences”, a similar conceptual framework to design catalysts and 
catalytic reactions is far from established. As additional reactions to form 
C-C and C-heteroatom bonds are discovered and further refined, and 
as our understanding of the factors that control the rates and selectivi- 
ties of these processes improves, the field of homogeneous catalysis will 
move closer to the point at which researchers can make rational choices 
about how to modify existing catalysts and can begin to design new 
catalysts for discovering the next set of dream reactions. a 
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Natural products as inspiration for 
the development of asymmetric catalysis 


Justin T. Mohr', Michael R. Krout' & Brian M. Stoltz’ 


Biologically active natural products often contain particularly challenging structural features and 
functionalities in terms of synthesis. Perhaps the greatest difficulties are those caused by issues of 
stereochemistry. A useful strategy for synthesizing such molecules is to devise methods of bond formation 
that provide opportunities for using enantioselective catalysis. In using this tactic, the desire for a particular 
target structure ultimately drives the development of catalytic methods. New enantioselective catalytic 
methods contribute to a greater fundamental understanding of how bonds can be constructed and lead to 
valuable synthetic technologies that are useful for a variety of applications. 


The lack of methods available for installing functionalities or structural 
motifs during chemical synthesis can at first be frustrating. However, 
retrosynthetic analysis’, a way of viewing the target molecule as a series 
of structurally simpler precursors, can greatly aid in planning how to 
generate a valuable chemical substance. Despite this, difficulties in pre- 
paring materials enriched in a particular enantiomer persist because of 
the limited number of catalytic enantioselective transformations avail- 
able*”*. One fruitful strategy is to design a synthesis that depends on a 
bond-forming reaction for which there is no known enantioselective 
variant. This approach thus provides the impetus for developing novel 
transformations and leads to a greater understanding of methods of 
bond construction and catalysis. 

In this review, we describe several recent examples of novel catalytic 
enantioselective transformations that illustrate the effectiveness of this 
strategy for preparing important structural motifs found in biologi- 
cally active molecules. Each of these transformations has contributed 
not only an effective means of generating a particular target structure 
but also a useful new tool for a variety of applications in synthetic 
chemistry. 


Historical overview of enantioselective methods 

To provide an overview of established catalytic enantioselective 
methods that have been developed for total synthesis, several notable 
examples of enantioselective reactions in total synthesis are highlighted 
in Fig. 1. In each of these cases, the target molecules posed particu- 
lar challenges that had yet to be solved by enantioselective catalysis. 
Although, in some instances (for example, the Diels-Alder reaction, 
Fig. la), the methods were developed before their first application in 
total synthesis, the demonstrated value of the transformation high- 
lighted the need for enantioselective variants. Following the devel- 
opment of the [4+ 2] cycloaddition reaction’ in the 1920s, studies of 
this transformation elucidated several key facets of the stereochemical 
outcome of the reaction (for example, the “endo rule; regioselectiv- 
ity and diastereoselectivity). These intrinsic stereochemical control 
elements proved useful when the Diels-Alder reaction was first fea- 
tured in a total synthesis with Gilbert Stork’s stereocontrolled synthesis 
of cantharidin® in 1951. Subsequently, the thermal Diels-Alder reaction 


was used for several total syntheses, perhaps most famously in Robert 
Woodward's landmark synthesis of reserpine’. Enantioselectivity in 
this transformation remained elusive, however, and perhaps was con- 
sidered unattainable at the time. 

One key practical improvement in the Diels-Alder reaction was the 
discovery that Lewis acids markedly increased the reaction rate’. Many 
laboratories sought to exploit this and to develop asymmetric versions 
of the Diels—Alder reaction catalysed by chiral Lewis acids, culminating 
in a report of the first highly enantioselective catalytic Diels-Alder 
reaction!! in 1979. The interface between reaction development, study 
of the mechanism, and synthesis is readily apparent from the multi- 
tude of chiral Diels-Alder catalysts and accompanying enantioselective 
total syntheses that have been reported (see refs 12-14 for examples). 
These successes validate the extensive efforts directed at realizing this 
important goal. 

Other methods were developed to address more general problems in 
synthesis (for example, synthesis of chiral alcohols by means of enantio- 
selective ketone reduction, Fig. 1a); however, the key structures are 
embedded in a variety of important natural products and pharmaceutical 
compounds. In the case of Elias J. Corey’s approach to the synthesis of 
prostaglandins’> , first reported in the 1960s, control of the configuration 
of the sidechain allylic alcohol at C15 required stoichiometric, chiral 
reducing agents until a solution to this long-standing problem was found 
in the 1980s (ref. 16). Interestingly, the oxazaborolidine catalyst discov- 
ered in these explorations has had other varied applications in synthesis 
and catalysis’*’’, demonstrating the versatility of privileged molecular 
frameworks” for enantioselective catalysis. 

The practical application of enantioselective catalysis is apparent 
in myriad industrial applications (for example, Fig. 1b-d), for which 
the limits of catalysis must be examined to minimize costs. Impor- 
tant industrial applications include the synthesis of chiral building 
blocks (for example, amino acids”, Fig. 1b), novel biologically active 
pharmaceuticals (for example, Crixivan (indinavir sulphate)”, Fig. 1c) 
and commodity chemicals (cheap chemicals sold in bulk) with vari- 
ous important uses (for example, menthol”, Fig. 1d). Only the most 
efficient methods are feasible for large-scale industrial synthesis, 
and in many ways these protocols represent the pinnacle of modern 
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enantioselective catalysis” ™*. A viable commercial operation must 
account for more than simply effective asymmetric induction; factors 
including turnover frequency, catalyst availability, catalyst recovery, 
catalyst toxicity and feasible large-scale handling procedures must all 
be considered for industrial applications. These daunting challenges 
underscore the demand for increasingly efficient catalyst systems. 

To maximize the usefulness of the stereochemistry attained by these 
key asymmetric transformations, subsequent diastereoselective reac- 
tions may be used to control the formation of many stereocentres based 
on a single enantioselective transformation (for example, Fig. le). The 
Hajos—Parrish ketone, first prepared in the context of steroid synthesis, 
has been used extensively in other synthetic efforts and has proved to bea 
versatile chiral-pool starting material” ”’. The amino-acid catalyst system 
developed for this intramolecular aldol condensation provided a sound 
basis for the recent use of organic molecules as catalysts for a variety of 
enantioselective transformations (see the subsection ‘Flustramine B’). 

The use of several different enantioselective reactions to prepare enantio- 
enriched fragments of complex molecules improves efficiency through 
convergency. The importance of this strategy is shown by the variety of 
extraordinarily complex polyketide natural products that have been pre- 
pared through asymmetric intermolecular aldol reactions (for example, 
phorboxazole B”, Fig. 1f). The challenging structure of these molecules 
has required the development of several related protocols to address the 
subtle differences in substitution patterns and functionality present in 
substrates, and, despite many successes, studies are ongoing”. 


Recent developments in enantioselective catalysis 

In this section, we describe recent representative developments made 
by using this approach — that is, by using target structures to inspire 
the development of enantioselective catalysts — for the construction of 
biologically important target molecules. Most of these methods involve 
the formation of a carbon-carbon bond, the fundamental structure of 
organic molecules. These cases were selected to illustrate some of the 
latest developments in enantioselective catalysis for complex molecule 
synthesis. Special attention has been given to reactions that address 
some of the most important challenges in synthetic chemistry today: 
increasing functional-group tolerance, generating new carbocyclic and 
heterocyclic rings, and forming all-carbon quaternary stereocentres. 
The examples are also intended to show the important symbiosis 
between total synthesis and method development, and to show that 
improvements in one branch of synthetic chemistry have an impact 
on the others. 


Januvia 

Catalytic enantioselective hydrogenation has become one of the most 
effective and powerful methods for the synthesis of chiral a-amino acids 
for numerous applications’. Over the past decade, the usefulness of 
the homologous building blocks, §-amino acids, in pharmaceutical, 
agrochemical, B-peptide and natural substances has become evident, 
highlighting the need for a general and effective means for their prepa- 
ration”’*’. Undoubtedly, the implementation of a catalytic asymmetric 
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Figure 1 | Selected examples of enantioselective catalysis in total synthesis. 
Natural products and pharmaceuticals often have structural features and 
functionalities that are challenging to synthesize. This particularly applies 
to stereochemical elements. Selected examples of successful enantioselective 
syntheses are illustrated. a, Corey’s synthesis of prostaglandin E, utilizing 
an asymmetric Diels-Alder reaction” and carbonyl reduction’®. Various 
industrial applications have explored the limits of catalysis and efficiency to 
minimize cost. These include asymmetric hydrogenation towards a-amino- 
acid building blocks” (b), asymmetric epoxidation towards Merck’s HIV 
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protease inhibitor Crixivan” (c), and asymmetric isomerization of allylic 
amines en route to commodity chemicals” (d). The use of stereochemical 
information in valuable intermediates can be maximized through 
convergency, as illustrated by the asymmetric construction of C-C bonds 
in the amino-acid-catalysed intramolecular aldol condensation towards 
important steroid building blocks” (e) and in various enantioselective 
intermolecular aldol reactions towards fragments of the cytostatic 

agent phorboxazole B’ (f). Ac, acetyl; Bn, benzyl; Bz, benzoyl; Et, ethyl; 
Me, methyl; Ph, phenyl; t-Bu, tert-butyl; TMS, trimethylsilyl. 
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hydrogenation of N-acyl-B-enamino esters seemed to be the most effi- 
cient pathway towards their synthesis, although initial investigations 
achieved poor selectivities”. Additional syntheses using the chiral pool, 
auxiliaries and more recently the catalytic asymmetric generation of 
C-C and C-N bonds have been successful in satisfying the increased 
demand for B-amino acids’. These valuable methods allow flexible 
strategies for the synthesis of a variety of analogues; however, most 
examples are limited by the requirement for further chemical manipula- 
tion that is often necessary to produce the functionality of the desired 
B-amino acids. 

Despite initial difficulties, the asymmetric hydrogenation of N-acyl- 
B-enamino esters has been developed into a useful method over the 
past 15 years’. This fruitful endeavour has demonstrated that several 
transition metal and ligand combinations are competent for preparing 
N-acyl-B-amino acids with good-to-excellent enantioselectivities. A 
notable drawback to this strategy, however, is the requirement for the 
seemingly indispensable N-acyl group on the B-enamino esters; this 
group is needed for metal chelation, which improves reactivity and 
selectivity. The introduction of this moiety often produces enamine 
alkene isomers that can be difficult to separate, and, importantly, the 
individual isomers are typically hydrogenated with differing rates and 
selectivities. Moreover, these difficulties are magnified by the necessary 
removal of this group, a seemingly cumbersome artefact of an otherwise 
powerful strategy. Nonetheless, this advance has allowed a variety of 
B-amino acids to be prepared”. 

An innovative solution to this problem was demonstrated by a group 
at Merck en route to synthesizing Januvia (sitagliptin phosphate; 8, 
Fig. 2), which has recently been approved by the US Food and Drug 
Administration for the treatment of type 2 diabetes**. The optimal tar- 
get contains an unfunctionalized B-amino amide. A strategy was sought 
to install this moiety directly by asymmetric hydrogenation of unsubsti- 
tuted B-enamino ester and amide derivatives” (for example, 4, Fig. 2). 
A traditional hydrogenation route for the production of amino acids 
is a proven, cost-effective method for the synthesis of chiral building 
blocks. The industrial infrastructure is already in place to realize this 
goal; however, in this case, the reduction of unprotected B-enamino 
acids was not effective with existing chiral catalysts. A crucial com- 
ponent in addressing such limitations was Merck’s high-throughput 
screening facility, which allowed rapid screening of catalyst structures 
and reaction conditions (an essential component for the success of 
any asymmetric catalytic process)”. One potential complication for 
this hydrogenation strategy was avoided when it was observed that the 
preparation of the B-enamino ester and amide substrates (for example, 


34, Fig. 2) proceeded with complete selectivity for the Z-isomer, pre- 
sumably owing to hydrogen bonding in the products. 

During the screening, a survey of transition metals and ligands revealed 
that rhodium complexes of the Josiphos (for example, 5, Fig. 2) family of 
ligands efficiently catalyse the hydrogenation of a variety of substrates to 
give high yields with excellent enantioselectivities. The remarkable func- 
tional-group tolerance of this catalyst allowed the strategic implemen- 
tation of this asymmetric transformation as the penultimate step of the 
synthesis, thereby maximizing the usefulness of the process and materials. 
Thus, phenylacetic acid derivative 1 was converted into B-ketoamide 3 in 
a one-pot procedure via acylation of Meldrum’s acid, followed by treat- 
ment with triazole salt 2 (ref. 38) (Fig. 2). Exposure to ammonium acetate 
converted this into B-enamino amide 4.as a single enamine isomer. Hydro- 
genation of 4 in the presence of 0.30 mol% of rhodium(1) and ligand 5 
provided B-amino amide 7 in >95% conversion and 95% enantiomeric 
excess. Subsequent recrystallization and salt formation with phosphoric 
acid gave Januvia (8, Fig. 2). Efforts to optimize efficiency and examine the 
mechanism of the asymmetric process revealed that reactivity and selec- 
tivity were dependent on the pH of the reaction solution”. It was found 
that ~1 mol% ofa mild acid (that is, ammonium chloride) was essential 
for the reaction to proceed reproducibly on a large scale. In addition, it 
was observed that hydrogenation ofa related substrate under identical 
conditions with a deuterium gas atmosphere resulted in deuterium incor- 
poration at the B-position only, suggesting that an imine is an intermedi- 
ate (6, Fig. 2) and that an enamine-imine tautomerization process plays 
an important part in the mechanism”. Interestingly, intermediates such 
as 6 have a striking similarity to asymmetric B-carbonyl hydrogenations 
pioneered by Ryoji Noyori®. 

This example demonstrates the development of asymmetric catalysis 
into a state-of-the-art science through maximizing the efficiency by mini- 
mizing unnecessary functionality, by using atom economy and by using 
extremely active catalysts. Moreover, the development of the catalyst sys- 
tem for the synthesis of Januvia exemplifies the continued need for subtly 
different catalysts to meet new synthetic demands. Building on the exp- 
erience obtained during the development of a highly efficient enamide 
reduction towards a-amino acids, such large-scale industrial synthesis of 
important B-amino acids has been a relatively rapid process. 


Fluvirucinine A, 

Transition-metal-catalysed cross-coupling reactions (see page 314) 
have been used extensively for constructing C-C bonds and, cons- 
equently, have had a substantial effect on the field of complex molecule 
synthesis*’’, The predominance of palladium and nickel catalysts in 
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Figure 2 | Asymmetric hydrogenation of B-enamino amides towards 
Januvia. The rapid and selective synthesis of B-enamino amide (3) allowed 
a key rhodium-5-catalysed enantioselective hydrogenation under mildly 
acidic conditions, directly revealing the B-amino amide in Merck's synthesis 


of Januvia (sitagliptin phosphate, 8), an FDA-approved treatment for type 2 
diabetes”. COD, cyclooctadiene; DMA, dimethylacetamide; DMAP, 
4-dimethylaminopyridine; e.e., enantiomeric excess; i-Pr, isopropyl; 

Piv, pivaloyl. 
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Figure 3 | Enantioselective C(sp*)-C(sp*) cross-coupling towards 
fluvirucinine A,. Sequential asymmetric C(sp*)—C(sp*) Negishi cross- 
couplings of racemic allylic chlorides and alkylzinc reagents catalysed 
by nickele(S,S)-16 enabled the rapid formal synthesis of fluvirucinine A, 
(17), the aglycon of the antibiotic fluvirucin A, (18), with excellent 
enantioselectivity and diastereoselectivity, highlighting a creative 
solution to remote stereochemical control in unfunctionalized systems”. 
Cbz, benzyloxycarbonyl; DME, dimethylformamide; d.r., diastereomeric 
ratio; glyme, 1,2-dimethoxyethane. 


cross-coupling technologies and their extraordinary functional-group 
tolerance increases the efficiency of this process by allowing a large 
degree of functionalization before coupling. Moreover, the efficacy 
of this cross-coupling strategy for streamlining synthesis has allowed 
retrosynthetic analyses that had been thought impossible with stand- 
ard, non-metal reactions. Until recently, however, most cross-coupling 
methods involved C(sp’)-C(sp’) or C(sp*)-C(sp) centres, limiting the 
application potential. Two crucial issues associated with expanding the 
substrate scope to include C(sp*)-C(sp*) couplings are the relatively low 
reactivity of alkyl halides towards oxidative addition and the propen- 
sity of o-alkyl organometallic complexes to undergo rapid B-hydrogen- 
elimination reactions**™’. Practical solutions to this problem were first 
presented by Akira Suzuki and Paul Knochel, followed more recently 
by Greg Fu and others (see refs 44 and 45 for reviews). In general, the 
reaction scope now encompasses a variety of primary and secondary 
halides and pseudohalides as the electrophilic component, with organo- 
boranes, boronic acids, alkylmagnesium halides and alkylzinc halides 
as the nucleophilic component™. Although perhaps not developed in 
the context of a particular target molecule, progress in these cross- 
coupling methods has allowed retrosynthetic disconnections that were 
not practical previously. Asymmetric cross-coupling protocols could, 
in turn, allow the direct formation of remote stereocentres in relatively 
unfunctionalized molecules. 

Early examples of catalytic asymmetric cross-coupling reactions 
involving C(sp*)-C(sp) centres were explored by Makoto Kumada 
and co-workers in the late 1970s and produced moderate enantioselec- 
tivities**”’. Despite these initial reports and the subsequent evolution 
of cross-coupling methods and asymmetric catalysis, a deficiency in 
the development of catalytic asymmetric methods for C(sp*)-C(sp’) 
couplings existed until Fu and co-workers” reported an asymmet- 
ric Negishi coupling in 2005. Before this report, researchers in the Fu 
laboratory observed the proficiency of tridentate pybox ligands (for 
example, 16, Fig. 3) at enabling the room-temperature, nickel-catalysed 
Negishi coupling of symmetric secondary alkyl bromides and iodides”. 
It was postulated that the tridentate nature of pybox ligands prevented 
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the undesired 6-hydrogen-elimination pathway, which would require 
a vacant coordination site. Reaction optimization facilitated the develop- 
ment of several asymmetric variations that generate challenging stereo- 
centres applicable to complex molecule synthesis, as demonstrated in 
Fu’s formal total synthesis of fluvirucinine A, (17, Fig. 3), the aglycon of 
the macrolactam antibiotic fluvirucin A, (ref. 51) (18). A key nickel(11)- 
catalysed asymmetric cross-coupling of racemic allylic chloride (9) and 
alkylzinc reagent (10) in the presence of (S,S)-16 generated y-disub- 
stituted enone (11) in an excellent yield and 96% enantiomeric excess. 
Elaboration over two steps to a bromide (12), followed by conversion 
to the alkylzinc form and a second nickel(11)-catalysed asymmetric 
Negishi cross-coupling with racemic allylic chloride 13, provided the 
ester 14 in a good yield and with >98% enantiomeric excess and a 15:1 
diastereoisomer ratio. A subsequent two-step conversion to the aldehyde 
15 intersected Young-Ger Suh’s” synthesis of fluvirucinine A, (17). This 
method exemplifies the efficiency of the C(sp*)—C(sp’) cross-coupling 
and presents a creative solution to the particularly difficult challenge of 
remote stereochemical control. 

At present, most examples of this technology require a stabilizing 
group adjacent to the site of the putative carbon-centred radical. Elimi- 
nating this condition would further improve the utility of this asym- 
metric cross-coupling method. In addition, stereogenic organometallic 
coupling partners (for example, secondary alkylzinc reagents) have not 
yet been reported in this asymmetric transformation. A potential goal 
for this synthetic method would be the combination of a racemic sec- 
ondary alkyl halide and a racemic secondary alkylmetal reagent to form 
vicinal stereocentres along an alky] chain with high levels of enantio- 
selectivity and diastereoselectivity. 


Minfiensine 

The asymmetric generation of all-carbon quaternary stereocentres 
is a considerable challenge for synthetic chemists”. As quaternary 
stereocentres are found in many natural product structures, conven- 
ient enantioselective methods for their formation would be useful. 
One such method is the Heck reaction™, in which a palladium(0) 
catalyst promotes the vinylation of an aryl halide, vinyl halide or 
trifluoromethanesulphonate. The large body of literature on palladium 
catalysis and mechanisms”, as well as an ever-growing collection of 
chiral ligands for transition-metal catalysis, greatly increased the 
potential of using this method to carry out asymmetric catalysis. In 
addition, many synthetic endeavours using diastereoselective or non- 
stereoselective intramolecular Heck reactions have been reported (see 
ref. 55 for representative examples), increasing the significance of an 
enantioselective process. In 1989, the laboratories of Masakatsu Shiba- 
saki® and Larry Overman” independently reported the first variants of 
an intramolecular catalytic, asymmetric Heck reaction. Initial levels of 
enantioselectivity were moderate; however, subsequent optimizations 
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Figure 4 | Asymmetric Heck cyclization towards minfiensine. The 
palladium-23-catalysed enantioselective intramolecular Heck cyclization of 
19 forged the C9a all-carbon quaternary stereocentre and, on acid-mediated 
cyclization, the polycyclic core of minfiensine (22). This method allowed 
the diastereoselective preparation of the remaining stereocentre 

and completion of the alkaloid®. Boc, tert-butyloxycarbony]; 

OTF, trifluoromethanesulphonate; PMP, 1,2,2,6,6-pentamethylpiperidine. 
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realized good-to-excellent selectivities in the generation of tertiary and 
all-carbon quaternary stereocentres™’. 

Indole alkaloids encompass a large number of natural and pharma- 
ceutical substances with a wide range of biological activities”. The plant 
alkaloid minfiensine (22, Fig. 4) isa compelling example of the all- 
carbon quaternary stereocentre motif in biologically active natural 
products. Minfiensine and related alkaloids have been used in tra- 
ditional medicines and have promising anticancer activity”. The 
intriguing polycyclic structure and biological relevance of minfiensine 
prompted the Overman laboratory” to explore a catalytic enantioselec- 
tive Heck reaction to generate the sole quaternary stereocentre at C9a. 
It was discovered that the palladium-catalysed intramolecular Heck 
reaction of dienyl ary] trifluoromethanesulphonate 19 (Fig. 4) in the 
presence of the phosphinooxazoline ligand (S)-23 (Fig. 4) under micro- 
wave conditions produced indoline 20 (Fig. 4) at a good yield and with 
99% enantiomeric excess. Subsequent acid-promoted carbamate cycliz- 
ation produced the tricyclic core of minfiensine (21, Fig. 4), which was 
then converted to the natural product. The efficiency and selectivity 
of the catalytic asymmetric Heck reaction facilitated completion of the 
target, where the remaining stereocentres are derived from this initial 
transformation. 

Despite numerous examples of the asymmetric Heck reaction in total 
synthesis”, there are several features that could be improved. Reactions 
typically require high temperatures and relatively high catalyst loadings, 
and the development of chiral ligands that greatly increase the reactiv- 
ity of the transition metal while maintaining an adequate asymmetric 
environment would be greatly beneficial. As most enantioselective Heck 
reactions use an sp’-hybridized organohalide component, another fron- 
tier lies in the application of unactivated alkyl carbon electrophiles that 
have B-hydrogen in both intramolecular and intermolecular cases, an 
area currently in its infancy”. 


Flustramine B 

Numerous methods have been developed for the generation of substi- 
tuted indoles**; however, enantioselective indole functionalization 
has been far less explored. To address the deficiencies in the indole 
functionalization literature, Karl Anker Jorgensen™ and David MacMil- 
lan® independently developed strategies for asymmetric Friedel-Crafts 
alkylation of conjugate acceptors with electron-rich heteroaromatics. 
MacMillan’s method uses a secondary amine catalyst (28, Fig. 5) that 
facilitates the LUMO (lowest-unoccupied molecular orbital) -low- 
ering activation of a,b-unsaturated aldehydes for a variety of trans- 
formations” (see page 304). Although imidazolidinone 28 (Fig. 5) 
was a sufficient catalyst for the Friedel-Crafts alkylation of pyrroles, 
generating good yields and excellent enantioselectivities”, applica- 
tion of less-activated indole substrates resulted in sluggish reactivity 
with considerably diminished selectivities”. Kinetic investigations of 
iminium-catalysed reactions revealed that the overall reaction rate 
was influenced by the efficiency of formation for both the iminium 
ion and the C-C bond, prompting the development of a modified 
imidazolidinone catalyst (29, Fig. 5). This refinement minimized the 
steric bulk around one face of the catalyst, thereby exposing the lone 
pair of electrons on the secondary amine nitrogen. This structural 
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Figure 5 | Amine-catalysed indole alkylation towards 
flustramine B. The enantioselective C3a alkylation of 

the tryptamine derivative 24 catalysed by the amine 29, 

on subsequent intramolecular cyclization, provided the 
pyrroloindoline core of (—)-flustramine B (27), a potassium- 
channel blocking agent. This selective cascade process 
prepared the all-carbon quaternary stereocentre, rapidly 
and efficiently enabling completion of flustramine B”. 


change translated into increased reactivity that enabled the asymmetric 
Friedel-Crafts alkylation of a variety of indoles with good-to-excellent 
yields and very high enantioselectivities”. 

Pyrroloindoline alkaloids are a family of polyindole alkaloids of 
diverse structural complexity and biological relevance”. Diastereo- 
selective syntheses of the core of these compounds have focused on the 
control of the C3a all-carbon quaternary stereocentre as a key design 
element’'’’. With a powerful and mild indole alkylation method in 
hand, MacMillan and co-workers devised a cascade strategy for the cata- 
lytic asymmetric preparation of the C3a stereocentre and the pyrrolo- 
indoline core of the potassium-channel blocker (—)-flustramine B (27, 
Fig. 5) in one step”. In this key transformation, tryptamine derivative 24 
(Fig. 5) and 2-propenal (acrolein), in the presence of catalyst 29, under- 
went the asymmetric Friedel-Crafts alkylation to provide iminium inter- 
mediate 25 (Fig. 5). Subsequent carbamate cyclization and hydrolysis to 
regenerate the catalyst provided the core (26, Fig. 5) with a good yield 
and 90% enantiomeric excess. Importantly, this allowed completion of 
(—)-flustramine B (27) in just six steps and with good overall yield, high- 
lighting the efficiency of this cascade approach. It is noteworthy that this 
strategy also has the potential to be applied to the synthesis of various poly- 
cyclic indolines such as the diazonamide family of cytotoxic alkaloids”. 
It is also interesting to note that both the intramolecular Heck reaction 
(see the subsection ‘Minfiensine’) and the indole Friedel-Crafts alkyla- 
tion can generate similar indoline structural motifs despite the markedly 
different bond-connecting strategies of these reactions. The success of 
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Figure 6 | Enantioselective Pictet-Spengler cyclization towards harmicine. 
Facile preparation of the hydroxylactam 31 aided asymmetric Pictet- 
Spengler cyclization catalysed by thiourea 32. This enantioselective 
N-acyl-iminium ion cyclization allowed rapid construction of the 
alkaloid (+)-harmicine (35) following the Pictet-Spengler cyclization”. 
THE tetrahydrofuran. 
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Figure 7 | Asymmetric phase-transfer alkylation towards indacrinone. Scientists at Merck developed an enantioselective alkaloid-salt-catalysed phase- 
transfer enolate alkylation to gain access to indanone 39, en route to indacrinone (40) (ref. 84), a candidate diuretic drug. 


these dissimilar strategies allows a great deal of flexibility in the plan- 
ning of syntheses. 

Iminium-activation methods with chiral amine catalysts have been 
successful for numerous transformations, but catalyst loading, turnover 
frequency and excesses of certain reagents limit the large-scale industrial 
application of these methods. In addition, in some cases, the organic 
catalyst may be more difficult to remove from the reaction products 
than a metal catalyst. However, the typically air- and moisture-stable 
reaction conditions, low cost of some catalysts and often metal-free con- 
ditions are attractive. The variety of asymmetric transformations (some 
proceeding through substantially different reaction pathways) that have 
been realized with chiral amine catalysts so far indicates a burgeoning 
field in which there are many useful enantioselective catalysts. 


Harmicine 

Since the intramolecular cyclization of an aromatic ring onto an imi- 
nium species was reported by Amé Pictet and Theodor Spengler” in 
1911, this transformation has been of great use in the synthesis of many 
important alkaloid natural products”. Indeed, the need for asymmetric 
variants of this reaction was recognized, and several diastereoselective 
protocols have been devised’*. A common approach to diastereoselec- 
tive Pictet-Spengler cyclization has been to use tryptophan derivatives 
to control the stereochemistry of the cyclization. However, using this 
type of technique for the synthesis of a natural product such as har- 
micine (35, Fig. 6), which is active against the disease leishmaniasis, 
necessitates the removal of the stereocontrol element at C5, following 
the diastereoselective cyclization. Nonetheless, Steven Allin and co- 
workers” proved this to be a viable method in 2007. This particular 
structure, however, highlighted a challenge for enantioselective catalysis 
and an opportunity to improve synthetic efficiency. 

When considering prospects for asymmetric induction, Eric Jacobsen 
and Mark Taylor considered activated N-acyl-iminium ions as a template 
and reasoned that a chiral thiourea derivative might be effective in pro- 
moting cyclization”. In practice, these Bronsted acids”, as well as other 
Bronsted acids investigated later by other groups”, proved to be excel- 
lent catalysts for enantioselective indole annulations with in situ-gener- 
ated N-acyl-iminium species (for example, 33, Fig. 6). In later studies by 
Jacobsen and co-workers, it was found that hydroxylactams (for example, 
31, Fig. 6) are convenient precursors to N-acyl-iminium ions, which in 
turn enable access to various polycyclic structures*". Given this effective 
protocol, an efficient catalytic asymmetric synthesis of harmicine (35) 
was realized in four steps from tryptamine (30, Fig. 6). Several mechanis- 
tic experiments have suggested that asymmetric induction is controlled 
by a complex of the Bronsted acid catalyst (32, Fig. 6) and a chloride 
counterion closely associated with the iminium ion (for example, 33, 
Fig. 6) that effectively blocks approach to one face of the electrophile, pro- 
viding annulated products (for example, 34, Fig. 6) with excellent enan- 
tiomeric excesses. This insight into the remarkable mechanism of this 
transformation has led to a related C-C bond-forming process using oxo- 
carbenium ions”. Further exploitation of this unusual proposed catalyst- 
anion interaction could lead to a variety of other asymmetric addition 
reactions, such as intermolecular alkylation of N-acyl-iminium ions. In 
common with the history of the Diels-Alder reaction (see the section 
‘Historical overview of enantioselective methods), the exploration of the 
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Pictet-Spengler cyclization has provided a useful method to access many 
heterocyclic structures embedded in alkaloid natural products using a 
classical reaction with well-established synthetic applications. 


Indacrinone 

Enolate alkylations exemplify the fundamental usefulness of the car- 
bony] group for C-C bond formation. Strategies to induce asymmetry 
in these reactions have included chiral auxiliaries and chiral ligands, 
although few examples are catalytic. A particularly challenging class of 
product targets are all-carbon quaternary stereocentres adjacent to car- 
bony] groups. One example of an important target bearing this motif is 
the diuretic drug candidate indacrinone™ (40, Fig. 7). Given the lack of 
efficient methods for synthesizing this structure, researchers at Merck 
envisaged an enantioselective phase-transfer alkylation method based 
on a quaternary ammonium salt derived from a naturally occurring 
cinchona alkaloid (for example, 37, Fig. 7). In the event, readily pre- 
pared indanone 36 (Fig. 7) was methylated, producing 39 with 95% 
yield and 92% enantiomeric excess, and 39 was then converted to 
indacrinone (40, Fig. 7) in three additional steps. Although successful 
in achieving enantioselective enolate alkylation, the mechanism for 
this process seems to be complex®; however, enantiofacial selectivity 
in the alkylation event may be rationalized through a hypothetical 
transition state (38, Fig. 7). 

Three key interactions are thought to control selectivity: a hydrogen 
bond between the enolate oxygen and the catalyst hydroxyl group, and 
two m-system stacking interactions between the four aromatic rings. 
Perhaps as a consequence of the complex mechanism, the range of 
substrates for enolate alkylation is limited, and other solutions to this 
problem are still needed. However, these initial results have led to sev- 
eral related catalytic enantioselective reactions using cinchoninium 
salts or related organic ammonium complexes as catalysts**. The dis- 
covery of these useful catalysts has provided not only an alternative 
to related transformations using metal catalysts but also a means of 
accessing chiral environments that are simply not possible with metal- 
based catalysts. Moreover, eliminating metal waste materials is attrac- 
tive from an industrial and environmental standpoint. Ultimately, the 
studies directed towards an enantioselective synthesis of indacrinone 
demonstrate the versatility of privileged catalysts developed for the 
synthesis of target molecules for a range of other applications. 


Cyanthiwigin F 

A recent case of enantioselective enolate alkylation is the synthesis of 
cyanthiwigin F (48, Fig. 8), a cytotoxic natural product from a sea sponge. 
The cyanthiwigin family is composed of more than 30 diterpenoids, 
most of which bear two quaternary stereocentres, at C6 and C9, and 
a syn relationship of the methyl groups in the central ring. These cen- 
tral stereochemical elements are a complicating factor for a convergent 
strategy that might seek to couple the five- and seven-membered ring 
portions and subsequently form the six-membered ring. To avoid this 
difficulty, John Enquist and Brian Stoltz chose instead to address these 
two central stereocentres at an early stage and append the five- and 
seven-membered rings to the assembled cyclohexane. Accordingly, 
a synthetic strategy was devised that involved a one-pot, double- 
enantioselective enolate alkylation reaction to form both quaternary 
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stereocentres simultaneously. Although such enantioselective alkylations 
have proved difficult, recent studies have identified palladium catalysts 
that might provide a solution to this problem and enable the synthesis 
of a variety of targets containing quaternary carbon stereocentres, inclu- 
ding the cyanthiwigins*”™. 

The implementation of this retrosynthetic strategy began with a 
Claisen—-Dieckmann sequence that converted diallyl succinate (41, 
Fig. 8) to bis(B-ketoester) 42 (Fig. 8) as a 1:1 mixture of racemic and 
meso diastereoisomers. On exposure to the catalyst derived from 
Pd(dmdba), and phosphinooxazoline ligand (S)-23 (refs 89, 90) (Fig. 4), 
each stereoisomer of 42 was transformed to bis(allylated) ketone 43 
(Fig. 8) with 75% yield and 99% enantiomeric excess as a 4.4:1 mixture 
of diastereoisomers. With both quaternary centres in place, elaboration 
of this stereochemically rich core structure to the natural product was 
achieved in six further steps. Enol trifluoromethanesulphonate form- 
ation and Negishi coupling (43>44) preceded a tandem ring-closing 
metathesis—cross-metathesis sequence with Grubbs’ ruthenium cata- 
lyst 45 (Fig. 8). Aldehyde-alkene radical cyclization generated the final 
ring of the cyanthiwigin core (47, Fig. 8), and enol trifluoromethane- 
sulphonate formation and palladium-catalysed cross-coupling formed 
(-)-cyanthiwigin F (48, Fig. 8), together with reduction product 49. 
Choosing to confront the difficult stereochemical elements of the cyan- 
thiwigin structure at an early stage led to a direct synthetic route pro- 
ceeding in nine steps from diallyl succinate. This strategy was made 
possible by the intriguing reaction mechanism of the enantioselective 
decarboxylative allylation, in which all three stereoisomers of bis(B- 
ketoester) 42 are converted to a specific stereoisomer of product (43) 
with high selectivity, through a stereoablative process”’. In addition, 
of the nine steps required for the synthesis, seven form C-C bonds, 
and four form multiple C-C bonds. Directly addressing the carbon 
framework of the target molecule and the stereochemical challenges 
embedded within ultimately led to an efficient synthetic sequence for 
this important molecule. 

Recently, the proposed chiral palladium enolate was shown to be 
intercepted by allyl or proton electrophiles™. Although the synthesis of 
cyanthiwigin F demonstrates the versatility of allyl moieties for further 
derivatization, the direct use of alternative electrophiles would provide a 
more general and direct method for transition-metal-mediated enolate 
functionalization. 


Figure 8 | Double enantioselective enolate alkylation 
and the synthesis of cyanthiwigin F. The preparation 
of a diastereomeric mixture of racemic and meso 


6-ketoester 42 allowed the strategic application of the 
palladium.(S)-23-catalysed double enantioselective 
enolate alkylation to generate both all-carbon 
quaternary stereocentres of 43 with excellent 
stereoselectivity. Subsequent Negishi coupling, 
ring-closing metathesis and radical-mediated 
aldehyde-olefin cyclization were used to construct 
the tricyclic core of the cytotoxic natural product 
cyanthiwigin F (48) rapidly, completing a synthesis 
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bis(3,5-dimethyoxybenzylidene)acetone; KHMDS, 
potassium bis(trimethylsilyl)amide; PhN(Tf),, phenyl 
bis(trifluoromethane)sulphonimide. 


Marcfortine B 

Of the many fundamental approaches to the formation of five-mem- 
bered rings from acyclic precursors, the [3 + 2] cycloaddition is among 
the most convergent strategies. A useful method of achieving such a 
cyclization is via a trimethylenemethane (TMM) intermediate”. This 
interesting non-Kekulé molecule was first prepared and studied through 
photolytic decomposition of a cyclic diazene precursor. However, the 
free diyl is prone to several undesired reaction pathways and does not 
lend itself to asymmetric catalysis. Despite this, intramolecular diyl- 
trapping reactions are valuable methods of cyclopentane formation”. 
Recognizing the synthetic utility of TMM, Barry Trost and co-workers 
developed an array of 2-(trimethylsilyl)-2-propenyl acetate reagents that 
generate a metaleTMM complex when exposed to a palladium cata- 
lyst””*. A recent application of this transformation in total synthesis is 
the approach to marcfortine B (55, Fig. 9a), a member of a family of anti- 
parasitic agents”. The strategy used sought to forge the [2.2.2] bicycle 
via an intramolecular radical cyclization and install the spiro all-carbon 
quaternary stereocentre by the cycloaddition of oxindole 50 (Fig. 9a) 
with TMM precursor 51 (Fig. 9a). In the event, an excellent yield was 
observed for the annulation reaction yielding spirooxindole 52 (Fig. 9a) 
as a 1:1 mixture of diastereoisomers. Over the course of nine additional 
steps, spirocycle 52 was transformed into amide 53 (Fig. 9a). Prepara- 
tion of the xanthate derivative of alcohol 53 allowed radical cyclization, 
generating the challenging [2.2.2]bicycle 54 (Fig. 9a). Seven further 
steps produced (+)-marcfortine B (55, Fig. 9a). 

Although this strategy demonstrated several intriguing ring-form- 
ing reactions, an asymmetric synthesis of 55 would require an enantio- 
selective variant of the key TMM-[3 + 2] cycloaddition, a goal that has 
remained elusive”. The first asymmetric palladium-catalysed [3 +2] 
cycloaddition with various bis(phosphine) ligands was reported by 
Yoshihiko Ito and co-workers”, but with only moderate enantiomeric 
excess (up to 78%) and diastereomeric ratio (up to 4:1 trans:cis). There- 
after, Trost and co-workers explored bulky monodentate phosphor- 
amidite ligands (for example, (R,R,R)-59, Fig. 9b) for the transformation 
and observed very high enantioselectivity for the first time (refs 98-100) 
(Fig. 9b). Of particular interest is the enantioselective addition of substi- 
tuted TMM reagents to functionalized oxindole derivatives”. The use of 
oxindole 56 (Fig. 9b) and TMM-precursor 57 (Fig. 9b) in the palladium- 
catalysed cyclization with ligand (R,R,R)-59 yielded spirooxindole 58 
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(Fig. 9b) with 14:1 diasteromeric ratio and 96% enantiomeric excess for 
the major diastereoisomer. Although a completed asymmetric synth- 
esis of marcfortine B (55) from intermediate 58 has not been reported, 
many of the key functional groups are in place and the challenging spiro- 
quaternary stereocentre has been installed (compare 52 and 58). The 
development of this valuable asymmetric transformation highlights the 
ongoing efforts to devise new and useful techniques for the construction 
of important molecules. 


Conclusions 

The representative synthetic efforts presented here demonstrate the 
crucial interplay between target-directed synthesis and the develop- 
ment of novel reaction methods. Although many useful asymmetric 
technologies are currently available, the specific challenges posed by 
important natural products and pharmaceutical compounds highlight 
deficiencies in the current technology. Envisaging strategies to con- 
struct these relevant molecules through means beyond the current arse- 
nal of enantioselective transformations will aid the evolution of both 
synthetic planning and reaction development. The symbiotic relation- 
ship between total synthesis and method development can continue to 
expand the understanding of synthetic strategy and catalysis on both 
fundamental and practical levels. 

Despite the substantial advances that have been made so far, signifi- 
cant challenges remain for both multi-step synthesis and catalysis. In 
addition to improvements to efficiency and selectivity, better reactivity 
and handling stability are constantly required to implement and improve 
industrial processes for existing methods. Exceptionally reliable meth- 
ods will aid in the discovery of new biologically active compounds by 
using high-throughput combinatorial screening techniques that are well 
established in the pharmaceutical industry, although these techniques 
are limited by the number of readily accessible chiral building blocks. 
Existing methods may be improved by identifying systems with better 
functional-group tolerances that might obviate the need for protecting 
and masking groups. Similarly, known privileged chiral frameworks 
may be modified to control chiral space more effectively for especially 
challenging transformations, a technique conspicuously successful for 
Trost’s TMM cyclizations. 

Overall, creative solutions are required to address specific organic 
transformations that remain significant impediments to efficient 
syntheses, namely forming multiple stereocentres and rings, forming 
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yet been realized. dba, bis(benzylidene)acetone; 
PMB, p-methoxybenzyl. 
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multiple C-C bonds, generating vicinal quaternary stereocentres and 
achieving C-H and C-C functionalization reactions. Cyclic structures 
often present particular challenges owing to the unique strain and steric 
elements imparted by their connectivity. As a result, many highly 
strained or complex polycyclic structures are daunting targets for syn- 
thesis. Finally, the discovery of new natural products will undoubtedly 
result in new challenges for synthetic chemistry and catalysis. a 
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Biologically inspired oxidation catalysis 


Lawrence Que Jr' & William B. Tolman’ 


The development of processes for selective hydrocarbon oxidation is a goal that has long been pursued. 

An additional challenge is to make such processes environmentally friendly, for example by using non- 

toxic reagents and energy-efficient catalytic methods. Excellent examples are naturally occurring iron- or 
copper-containing metalloenzymes, and extensive studies have revealed the key chemical principles that 
underlie their efficacy as catalysts for aerobic oxidations. Important inroads have been made in applying this 
knowledge to the development of synthetic catalysts that model enzyme function. Such biologically inspired 
hydrocarbon oxidation catalysts hold great promise for wide-ranging synthetic applications. 


The selective oxidation of organic molecules is fundamentally impor- 
tant to life and immensely useful in industry”. Among the myriad 
ways by which such reactions may be performed, those catalysed by 
naturally occurring metalloenzymes using molecular oxygen (O,) are 
notable for many reasons. Metalloenzyme-catalysed oxidations often 
exhibit exquisite substrate specificity as well as regioselectivity and/or 
stereoselectivity, and operate under mild conditions through inherently 
‘green’ processes. Moreover, metalloenzymes are sometimes able to alter 
the function of recalcitrant substrates in ways that synthetic chemists 
find difficult to replicate (for example, changing methane to metha- 
nol)’”. For these reasons, combined with the knowledge that metal 
centres in proteins often adopt novel structures and exhibit unusual 
properties that are intrinsically worth examining, bioinorganic chem- 
ists have studied O,-activating metalloenzyme structure-function rela- 
tionships extensively. 

Significant advances in our understanding of how these enzymes 
function have accrued, in part from the high-resolution structures of 
resting states and reactive metalloenzyme intermediates through X-ray 
crystallography and spectroscopic characterization, and from detailed 
mechanistic information from intertwined kinetics, synthetic modelling 
and theoretical investigations. Such studies have produced candidates 
for the active oxidants in several classes of important copper and iron 
enzymes that are the subject of this review. These findings have fuelled 
the debate about the mechanisms by which these enzymes operate; one 
common issue being whether O-O bond cleavage occurs before, during 
or after attack on the organic substrate. 

Although valuable in its own right, an added benefit of knowing the 
metalloenzyme structure and function is its potential application in the 
design of synthetic catalysts. Such ‘bioinspired’ or ‘biomimetic’ cata- 
lysts** may have an advantage over metalloenzyme systems, insofar as 
they might expand the scope of possible substrates, increase the scale of 
production and tune selectivity and/or specificity (for example, reversal 
of asymmetric induction in a stereoselective process). They would also 
be useful for environmentally friendly catalytic chemistry’, where it 
is important to avoid the use of toxic or expensive metal reagents and 
oxidants, energy-consuming processing steps and undesirable reaction 
media. Furthermore, mechanistic studies of biomimetic catalysts can 
provide important insights into biological pathways, thus completing 
a feedback loop relating studies of metalloenzymes to their synthetic 
models. Indeed, recent advances in the design of biologically inspired 
oxidation catalysts containing inexpensive and readily available iron 
and copper centres have led to a new understanding of the fundamental 


reaction steps and reactive intermediates relevant to metalloenzymes 
that incorporate these metals in their active sites, as well as to practical 
applications. In this review, we survey several examples of these advances, 
with particular emphasis in each case on the interplay of catalyst design 
and knowledge of metalloenzyme structure and function. 


Biochemical inspirations 

Iron and copper ions are the metal ions of choice for many biologi- 
cal oxidations because of their abundance in the geosphere, inherent 
electronic properties and accessible redox potentials. Pertinent exam- 
ples are enzymes that contain haem iron, non-haem iron and copper 
active sites. 
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Figure 1| Metallo-oxygenase mechanisms. To emphasize parallels with the 
haem paradigm (a), mechanisms proposed for O, activation by various 
metallo-oxygenases — di-iron and dicopper (b), and mononuclear non- 
haem iron and copper (c) — are shown. All involve the formation of an 
initial O, adduct (superoxo), conversion to a metal-peroxide (peroxo), 
and subsequent O-O bond cleavage to yield a high-valent oxidant (oxo). 
Oxygen atoms involved in these processes are shown in red. e’, electron; 
M, metal; P, porphyrin. 
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Figure 2 | Metalloenzyme intermediates. Diverse O,-derived 
metalloenzyme intermediates have been proposed on the basis of 
spectroscopic and theoretical investigations (1 and 2) and have been 
structurally characterized by X-ray crystallography (3-5). Species 1 is 
postulated to hydroxylate methane in soluble methane monooxygenase, 
whereas 2 is proposed to be the active oxidant in the non-haem iron 
a-ketoacid-dependent enzymes. Species 3 is an oxygenated intermediate 
from naphthalene dioxygenase; 4 is the (u-n’:1’-peroxo)dicopper(11) 
core of oxy-tyrosinase (akin to that identified in haemocyanin and 
catechol oxidase); and 5 is an O, adduct identified in peptidylglycine 
a-hydroxylating monooxygenase. For clarity, histidine imidazolyl donor 
ligands are indicated by N. Key oxygen atoms involved in these processes 
are shown in red. In the molecular models, carbon is shown in grey, 
oxygen in red, nitrogen in blue, copper in green, sulphur in yellow and 
iron in purple. Enz, enzyme. 


The haem paradigm 
The most extensively studied oxygen-activating enzymes are the cyto- 
chromes P450 (ref. 7). They carry out the hydroxylation of aliphatic 
C-H bonds and the epoxidation of C-C double bonds (C=C bonds) 
with high regioselectivity and stereoselectivity. Cytochromes P450 have 
an active site that consists of an iron porphyrin cofactor attached to the 
protein backbone through coordination of a cysteine at one of the axial 
positions on the metal, leaving the other axial position available for O, 
binding and activation. Related haem peroxidases and catalases activate 
peroxides with similar active sites where the axial cysteine is replaced 
by histidine or tyrosine’. 

The activation of O, at a metal centre generally entails its two-elec- 
tron reduction to the peroxo state and subsequent O-O bond cleavage. 


The generally accepted oxygen activation mechanism associated with 
cytochrome P450 is referred to as the haem paradigm’ (Fig. 1a). In the 
initial step, O, coordinates to the reduced iron centre. It becomes pro- 
gressively reduced to superoxo and peroxo forms and undergoes O-O 
bond cleavage to generate a formally oxoiron(v) oxidant that carries out 
the two-electron oxidation of the substrate. For haem enzymes, the two 
oxidizing equivalents required for oxidation are not stored at the iron 
centre but are instead delocalized on the iron porphyrin unit, so the for- 
mally oxoiron(v) oxidant in haem enzymes is generally described as an 
oxoiron(Iv)- (oxidized porphyrin radical) species. Such delocalization 
allows access to a potent oxidant that is competent to attack a variety of 
substrates, a common strategy in biocatalysis that informs biomimetic 
design efforts. 


Non-haem iron enzymes 

As outlined in Fig. 1, the proposed mechanisms for non-haem iron 
enzymes in general follow the haem paradigm, and evidence for 
iron(111)-peroxo and high-valent iron—oxo intermediates has been 
obtained for some of these enzymes. For example, the di-iron enzyme 
methane monooxygenase (MMO)" that catalyses the conversion of 
methane to methanol activates O, via di-iron(111)—peroxo and di- 
iron(Iv) intermediates (Fig. 1b). Although the former has been impli- 
cated as the oxidant in the epoxidation of electron-rich alkenes such 
as ethyl vinyl ether’, the latter has been demonstrated to be kinetically 
competent to hydroxylate methane”. This di-iron(1v) species has been 
shown by extended X-ray absorption fine structure (EXAFS) analysis 
to have a di(ut-oxo)di-iron(1v) core” (1, Fig. 2). 

The Rieske dioxygenases, by contrast, activate O, at a mononuclear 
iron centre bound to a 2-His-1-carboxylate facial triad motif“ (Fig. 1c). 
These enzymes catalyse the cis-dihydroxylation of arene double bonds to 
initiate the biodegradation of aromatics in the soil. For these enzymes, 
the only redox centre that can store the two required oxidizing equiva- 
lents is the iron atom, so an oxoiron(v) oxidant has been invoked for 
this reaction. Although direct evidence for a non-haem oxoiron(v) spe- 
cies in the enzyme cycle has not yet been obtained, its iron(111)—peroxo 
precursor (3, Fig. 2) has been characterized by X-ray crystallography”. 
It is proposed that the side-on peroxo moiety either attacks the arene 
double bond directly or isomerizes first to an oxo(hydroxo)iron(v) spe- 
cies. Several examples of oxoiron(Iv) intermediates (2, Fig. 2) have been 
trapped and characterized"* in studies of non-haem iron enzymes that 
use organic cofactors such as a-ketoglutarate or tetrahydrobiopterin, 
lending credence to the general mechanistic scheme presented in Fig. 1. 
Importantly, each of the side-on peroxo, oxoiron(v) or oxoiron(Iv) spe- 
cies postulated for the non-haem iron enzymes is a viable target for the 
development of biologically inspired catalysts. 


Figure 3 | Galactose oxidase mechanism. 
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Figure 4 | Ligands for modelling GAO. Deprotonated versions of the 
ligands 6-10 have been used to prepare copper complexes that mimic 
GAO function, insofar as they catalyse the aerobic oxidation of alcohols 

to aldehydes or ketones via the intermediacy of Cu(11)-phenoxyl radical 
species and produce H,O, as a coproduct. Synthetic Cu(11)-phenoxyl 
radical complexes of differing nuclearity (11 and 12) catalytically oxidize 
alcohols just as GAO does, but without the apparent involvement of a 
Cu(1) intermediate; instead, only ligand-centred redox reactions have been 
suggested to occur. i-Pr, isopropyl; Ph, phenyl; t-Bu, tert-butyl. 


Copper enzymes 

Copper-containing oxidases and oxygenases comprise a large class of 
enzymes that use intriguing mechanisms to bind and activate O, and 
oxidize organic substrates'’. The active sites of these enzymes con- 
tain varying numbers of copper ions, and they have diverse structures 
that underlie similarly diverse functional attributes. We focus here 
on a select few for which extensive structure and function informa- 
tion has been obtained and applied to the development of biomimetic 
catalysts. 

Galactose oxidase (GAO) is a well-studied member of the family of 
radical copper oxidases that use a novel copper(11)-tyrosy] radical unit to 
perform two-electron redox chemistry'*”’. GAO couples the reduction 
of O, to H,O, with the oxidation of primary alcohols to aldehydes. As 
shown by X-ray crystallography (Fig. 3), the so-called ‘inactive’ form 
of GAO features an unusual tyrosinate ligand (at amino acid 272 of the 
enzyme (Y272)) covalently linked to a cysteine (C228). In the ‘active’ 
form of the enzyme, this ligand exists as a one-electron oxidized tyrosyl 
radical that is stabilized by a nearby tryptophan” (W290). In the con- 
sensus mechanism (Fig. 3), the ‘active’ Cu(11)-Y272° form is responsible 
for alcohol oxidation in one phase of the catalytic cycle. Itis regenerated, 
with production of H,O,, in the second phase by reaction of the resulting 


‘reduced’ Cu(1) form with O,. Many details of these processes have been 


elucidated through studies of the enzyme, synthetic modelling” and 


theoretical calculations”, including dissection of the key C-H bond- 
activating process into electron transfer, proton transfer and H-atom 
abstraction components using kinetic isotope effects and quantitative 
structure-activity relationship correlations”. Notably, the coupling of the 
one-electron redox cycles, Cu(1)«*Cu(1) and Y272*>Y272*, to effect 
the overall two-electron catalytic half-reaction uniquely illustrates metal 
and organic cofactor synergism worthy of incorporation into designs of 
synthetic oxidation catalysts. 

Tyrosinase and catechol oxidase use an oxidant entirely different 
from the Cu(i1)-tyrosyl radical. In common with the reversible O, car- 
rier protein haemocyanin, the dicopper(1) active sites of tyrosinase and 
catechol oxidase react with O, to generate a (peroxo)dicopper(11) unit 
that features an unusual side-on (1-1’:7’) binding mode, as shown by 
X-ray crystallography for haemocyanin”*” and tyrosinase” and by spec- 
troscopy for catechol oxidase” (4, Fig. 2). The p-1’:n’-peroxide has an 
O-O stretching frequency (~750 cm"') lower than that of most metal- 
peroxide complexes (850-900 cm), suggesting significant activation 
of the dioxygen O-O bond by its side-on coordination to two Cu(1) 
ions. The (-n’:1’-peroxo)dicopper(11) unit is postulated to be respon- 
sible for the oxidation of phenols (by tyrosinase) and/or catechols (by 
catechol oxidase)'’”°, the former occurring by an electrophilic aromatic 
substitution pathway”. 

Numerous (peroxo)dicopper(11) complexes have been synthesized, 
including examples with (41-n’:1’-peroxo)dicopper(11) cores”. Some 
of these interconvert with di(t-oxo)dicopper(111) isomers (Fig. 1), rais- 
ing the alternative possibility that this core is responsible for substrate 
attack during catalysis by tyrosinase or catechol oxidase (despite the fact 
that it has not yet been observed in a protein)”. Developing synthetic 
systems that can access either or both cores from O, is an important 
biomimetic strategy for preparing environmentally friendly oxidizing 
reagents. 

Monocopper-oxygen species are implicated as intermediates in the 
functionally important enzymes amine oxidase (AO)**, dopamine 
B-monooxygenase (DBM) and peptidylglycine a-hydroxylating 
monooxygenase (PHM)”. Intermediates under consideration include 
[CuO,]*, [CuaOOH]* and [CuO]* units (Fig. 1). Kinetic®* and theoreti- 
cal studies” have been interpreted to indicate that a [CuO,]* moiety 
attacks the substrate in PHM and DBM; sucha core has been thoroughly 
defined in synthetic model complexes” and by X-ray crystallography for 
PHM (5, Fig. 2), although its charge is not known in this case*’. Other 
theoretical studies suggest that the [CuO]* unit is a more potent oxidant 
potentially capable of attacking substrate in these enzymes”. Such a 
species has not been identified conclusively in an enzyme or synthetic 
complex, however; so its role in biological and synthetic systems remains 
controversial™. Still, the anticipated high oxidizing power of the [CuO]* 
moiety makes it an attractive target in efforts to design catalysts for the 
oxidation of relatively unreactive substrates. 


Biologically inspired catalysis 

The results of the biochemical studies discussed here provide a useful 
starting point for the design of synthetic oxidation catalysts. Progress 
in this area is summarized in this section. 
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Figure 5 | Copper-TEMPO radical oxidation. The alcohol oxidation steps 
proposed for the bipyridine-Cu-TEMPO (Cu-2,2,6,6-tetramethyl- 
1-piperidinyloxyl) system are closely related to those proposed for GAO 
(Fig. 3), despite the different chemical natures of the organic radical 
cofactors involved (that is, nitroxyl for Cu-TEMPO compared with 
phenoxyl for GAO). 
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Figure 6 | Proposed mechanism for alcohol oxidation. An optimized system 
for the catalytic oxidation of a variety of alcohols is proposed to involve 
formation of a (peroxo)dicopper(11) complex that undergoes O-O bond 
homolysis to yield an intermediate with a [CuO]* core. Intramolecular 
hydrogen-atom abstraction is suggested to occur, followed by ligand 
substitution and subsequent aldehyde generation via a mechanism 
conceptually related to that followed by GAO and the Cu-TEMPO systems. 


Copper-catalysed alcohol oxidations 

Within the broader context of copper-catalysed oxidations of hydro- 
carbons”, particular attention has been paid to the oxidation of alcohols 
to carbonyl compounds using O, as an oxidant. This is because of the 
significance of the transformation and the desire to develop ‘gree’ 
alternatives to procedures that use heavy metal reagents or sensitive 
and/or expensive oxidants, and to procedures that are not economical 
or environmentally friendly”. Inspired by the coupling of an organic 
cofactor and Cu(1)+*Cu(11) redox chemistry in alcohol oxidation by 
the radical copper oxidases (for example, GAO), a variety of synthetic 
systems incorporating organic radicals and copper complexes have been 
studied for this reaction. 

In direct analogy to the function of GAO, copper complexes of the 
deprotonated forms of the ligands 6-10 (Fig. 4) catalyse the aerobic 
oxidation of selected alcohols to aldehydes and/or ketones with con- 
comitant generation of H,O, as a coproduct**™. The involvement of 
Cu(11)-phenoxy] radical intermediates in these reactions is a further 
similarity with GAO, although differences in mechanism among the syn- 
thetic systems and the enzyme have been found. For instance, although 
the system derived from ligand 6 follows a pathway entirely analogous 
to that proposed for GAO involving cycling between Cu(11)-phenoxyl 
radical and Cu(1)-phenol intermediates”, complexes 11 (ref. 53) and 
12 (ref. 51) follow mechanisms that do not involve changes in the metal- 
ion oxidation state and differ further with respect to the nuclearity of 
the proposed active species. 

Conceptually related catalytic systems for the aerobic oxidation of 
alcohols incorporate copper salts and the 2,2,6,6-tetramethyl-1-pip- 
eridinyloxyl (TEMPO) radical**. A variety of copper salts, exogenous 
bases and reaction media (including environmentally friendly ionic 
liquids” or fluorous biphasic systems’) have been used for this reac- 
tion, which differs from that of GAO insofar as H,O rather than H,O, 
is produced as the coproduct with the aldehyde or ketone. Nonetheless, 
pronounced mechanistic similarities with GAO are evident in some 
cases (Fig. 5), with TEMPO playing the same part as the phenoxy radi- 
cal in the enzyme. 

Another versatile catalytic system combines CuCl, phenanthroline, 
a suitable base and a substituted hydrazine as the reducing agent”. The 
optimized conditions shown in Fig. 6 include N-methylimidazole as an 
additive and are useful for the clean oxidation of a variety of primary and 
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secondary alcohols to the respective ketones or aldehydes”. In common 
with the Cu-TEMPO systems, O, acts as stoichiometric oxidant and 
H,O is the sole byproduct. An intriguing mechanism has been pro- 
posed involving a [CuO]* species as an intermediate and a pathway 
for intramolecular oxidation of coordinated alkoxide that bears some 
resemblance to that proposed for GAO and the Cu-TEMPO systems. 


Copper-catalysed phenol and catechol oxidations 

The oxidative reactivity of dicopper complexes that model the active 
sites of tyrosinase and catechol oxidase has been explored extensively 
in efforts aimed mostly at obtaining mechanistic insights into the 
activity of the enzymes****°**. With respect to understanding the 
phenolase activity of tyrosinase, emphasis has been placed on exam- 
ining the involvement of the (u-n’:n’-peroxo)dicopper(1) complexes 
and/or their di(u-oxo)dicopper isomers in stoichiometric (non-cata- 
lytic) hydroxylations of ligand arene moieties and external phenols. 
In a catalytic application that capitalizes on the common observation 
of radical coupling of phenol substrates by these oxidants, tyrosinase 
model complexes have been used for the regio-controlled oxidative 
coupling polymerization of phenols ® (Fig. 7a). Steric influences of 
the supporting ligand are thought to be critical in inhibiting undesired 
reactions at the ortho position in the putative Cu(11)-phenolate<*Cu(1)- 
phenoxy] intermediate, thus resulting in useful poly(1,4-phenylene 
ether) materials. Several dicopper complexes have also been studied 
as catalysts for the aerobic oxidation of catechols to ortho-quinones, 
which is analogous to catechol oxidase activity. In general, catechols 
may be oxidized both by dicopper(11) complexes and O, adducts such 
as (u-peroxo)dicopper(11) species, and catalytic cycles incorporating 
both processes have been suggested that typically involve coordination 
of the catecholate to both copper ions and evolution of H,O and/or 
H,O, byproducts (Fig. 7b). 


lron-catalysed hydrocarbon oxidations 

A common feature of the catalytic cycles of cytochrome P450, MMO and 
the Rieske dioxygenases is the involvement of an iron(111)-peroxo inter- 
mediate (Fig. 1). This intermediate may react directly with the substrate 
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Figure 7 | Oxidations by dicopper complexes. a, The proposed catalytic 
cycle for the regio-controlled oxidative polymerization of phenols involves 
a (-1’:17-peroxo)dicopper(11) model of the oxy forms of tyrosinase, 
haemocyanin and catechol oxidase. b, Multiple oxidation pathways have 
been proposed for the catalytic oxidation of catechols to ortho-quinones by 
dicopper complexes”. 
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Table 1| Iron and manganese oxidation catalysts that use H,O, as the oxidant to give high conversion of alkenes into epoxide or cis-diol products 


Catalyst (mol%) Additive (equivalents per metal) Solvent (Temperature) Alkene H,0,:alkene Epoxide yield cis-Diol yield Reference 
Fe(13) (0.05) None 3:1 MeOH:MeCN (25°C) Cyclooctene 12 95% 0% 71 
Fe(14) (1) one CH,Cl,* (25°C) Cyclooctene 1 81% 0% 72 
Fe(17) (3) None MeCN (25°C) 1-Octene 15 73% 3% 84 
Fe(17) (3) HOAc (10) MeCN (25°C) 1-Decene ES; 85% 0% 83 
Fe(17) (0.5) HOAc (12,000) MeCN (0 °C) Cyclooctene 15 99% <1% 85 
Fe(15) (3) None MeCN (25°C) 1-Octene 4 16% 53% 83 
Fe(15) (0.5) HOAc (12,000) MeCN (0 °C) Cyclooctene is 99% <1% 85 
Fe(16) (5) one MeCN (25°C) Cyclooctene 1S 9% 0% 87 
Fe(16) (5) HOT (5) MeCN (25°C) Cyclooctene 15 86% 0% 87 
1:2 FeCl3:19 (5) Pyrrolidine (2) t-AmylOH (25 °C) trans-Stilbene 2 97% 0% 89 
MnSO, (1) 0.2 MHCO,— DMF (25°C) Cyclohexene 10 99% 0% 92 
pH 8 buffer (0.25) 
Mn(20) (0.1) None MeCN (0°C) Cyclooctene Ls 1% 0.5% 93 
Mn(20) (0.1) Cl,;,CCOOH (10) MeCN (0°C) Cyclooctene 13 24% 44% 94 
Mn(20) (0.1) 2,6-Cl,C,H3-COOH (30) MeCN (0 °C) Cyclooctene 13 8% 53% 94 
Mn(20) (0.1) Salicylic acid (50) MeCN (0°C) Cyclooctene es) 51% 13% 94 


*In.a biphasic mixture with the ionic liquid 1-butyl-3-methylimidazolium bromide. DMF, dimethylformamide; Me, methyl; OAc, acetate; OTF, trifluoromethanesulphonic acid. 


or, more likely, undergo O-O bond cleavage to generate a high-valent 
iron-oxo species that contains the two oxidizing equivalents required to 
oxidize the substrate, the locations of which differ for each enzyme. The 
two oxidizing equivalents are distributed between the iron centre and the 
porphyrin ligand for cytochrome P450 and between the two iron centres 
in MMO, but must be localized on the mononuclear iron centre of the 
Rieske dioxygenases. There are thus several possible strategies for devel- 
oping biomimetic catalysts. In this section, we focus on recent develop- 
ments in iron catalysis using H,O, as an oxidant. From a biochemical 
perspective, these biologically inspired catalytic systems correspond to 
the peroxide shunt pathways that have been demonstrated for all three 
enzyme types and involve reactions of the iron(1m) forms’**”® of the 
enzymes with H,O,. The use of a combination of an iron salt or complex 
and H,0O, as an oxidizing system has a history that dates back to the late 
nineteenth century”, but the major challenge has been to inhibit the 
homolytic cleavage of the peroxo O-O bond that produces non-selec- 
tive, and thus unwanted, hydroxy] radicals. Instead, the aim is to direct 
the metal-promoted cleavage towards the generation of a metal-based 
oxidant that can carry out hydrocarbon oxidations with high chemo-, 
regio- and stereoselectivity””. 

Much effort has been invested into the development of metallo- 
porphyrin catalysts that mimic the reactivity of cytochrome P450, and 
these endeavours have been reviewed extensively”. The first two exam- 
ples in Table 1 illustrate how efficiently H,O, can be converted into 
desired epoxide products by using electron-deficient porphyrins’ (lig- 
ands are shown in Fig. 8). For the catalyst Fe(13), the solvent methanol 
provides the protons needed to promote the heterolytic cleavage of the 
peroxo O-O bond””’, thereby mimicking a mechanistic principle well 
established for cytochrome P450 and related haem peroxidases”. 

The marked increase in information on non-haem iron oxygenases 
within the past decade’’’*”* has spurred efforts to explore the use of non- 
haem ligand scaffolds to facilitate such oxidation catalysis. Only recently 
have conditions been found to engender oxidative transformations with 
high stereoselectivity” ”. In this section, we highlight these notable suc- 
cesses in the epoxidation and cis-dihydroxylation of C=C bonds and the 
hydroxylation of aliphatic C-H bonds, which are all potentially impor- 
tant transformations in organic synthesis and medicinal chemistry. 

The most extensively studied complexes thus far are those of tetraden- 
tate nitrogen-donor ligands with topologies that allow two cis-oriented 
coordination sites to be available for peroxide binding and activation. 
This arrangement is analogous to that found for the Rieske dioxygen- 
ases as illustrated by 3 (Fig. 2) but is in contrast to that typical for haem 
enzymes where only one coordination site is available for this purpose. 
A key observation that led to the discovery of this family of complexes 


was the use of dilute H,O,, which minimized side reactions such as 
the unwanted production of highly reactive hydroxyl radicals*’, When 
the reaction was carried out in this manner, compelling evidence for 
a metal-based oxidant was obtained. Specifically for the prototypi- 
cal Fe(15) catalyst, cyclohexane oxidation resulted in a high alcohol: 
ketone product ratio that was unaffected by the presence of O,, and 
hydroxylation of the tertiary C-H bonds of cis-1,2-dimethylcyclohexane 
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Figure 8 | Ligands used for iron- and manganese-catalysed oxidations. 
Many ligands, 13-22, have been used to support iron or manganese centres 
that catalyse the oxidation of hydrocarbons by H,O, (Table 1). 
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afforded a tertiary alcohol product with retention of configuration of the 
cis-1,2-dimethyl groups*". These results indicate a C-H bond cleavage 
event where alkyl radicals (if formed) are very short-lived. Oxidation 
of alkenes yielded epoxide and cis-diol products with similarly high 
retention of configuration”. Importantly, these reactions are the first 
examples of iron-catalysed cis-dihydroxylation of an alkene. 

The nature of the metal-based oxidant in Fe(15) catalysis was deduced 
from a combination of low-temperature spectroscopic studies and room- 
temperature O-labelling experiments*”’. At -40°C an Fe(11)-OOH 
intermediate was trapped in acetonitrile (MeCN) solvent and charac- 
terized by a variety of spectroscopic methods; this intermediate was 
then proposed to undergo O-O bond cleavage to form the putative 
Fe(v)(O)(OH) oxidant. Strong support for the involvement of the latter 
came from labelling experiments that established the incorporation of 
added H,*O into the oxidation products with retention of stereochem- 
istry (Fig. 9). Most compelling was the observation that the cis-diol 
product incorporated one oxygen from H,O, and the other from H,0. 
These results emphasize the critical part a proximal proton donor (that 
is, the metal-bound water) plays in promoting the heterolytic cleavage 
of the O-O bond and rationalizes why complexes of closely related penta- 
dentate ligands are poor catalysts for such oxidations. 

So far, several non-haem iron-based catalytic oxidation systems have 
been developed with potential practical importance. Eric Jacobsen and 
co-workers demonstrated the use of acetic acid as an additive (30 mol%) 
in Fe(11)(17) catalysis that converted alkenes into epoxides with a high 
yield*.With 3 mol% catalyst and a 50% excess of H,O, at 4°C, even 
terminal alkenes could be epoxidized to give product yields as high as 
90%. The added acetic acid is clearly important, as this additive enhances 
both the yield and selectivity for epoxide? 

Further exploration of the effect of acetic acid in Fe(17) and Fe(15) 
catalysis by Rubén Mas-Ballesté and Lawrence Que Jr® showed that 
cyclooctene could be converted nearly quantitatively to an epoxide 
within 2 min ina 1:2 MeCNiacetic acid solvent mixture at 0°C. Spectro- 
scopic and kinetic evidence was obtained for the binding of acetic acid to 
the Fe(111)-OOH intermediate, emphasizing the importance of a proxi- 
mal proton donor to promote the heterolytic cleavage of the O-O bond 
to form an Fe(v)(O)(OAc) oxidant**** (Fig. 9) and reiterating a principle 
well documented from studies of cytochrome P450 and haem peroxi- 
dases’”*. Similarly, Elena Rybak-Akimova and co-workers showed that 
the iron complex of macrocycle 16 (Fig. 8) became an effective epoxida- 
tion catalyst only when five equivalents of trifluoromethanesulphonic 
acid were added to the reaction mixture”. The added acid was proposed 
to protonate the aminoalkyl ‘tail, generating an ammonium group close 
enough to a presumed Fe-OOH intermediate to promote heterolytic 
O-O bond cleavage. 
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Figure 9 | Mechanisms of oxidations by iron catalysts. Proposed mechanisms 
for stereospecific oxidations of alkanes and alkenes by non-haem iron 
complexes invoke Fe(v)=O oxidants. Particularly instructive is the formation 
of a cis-diol from an alkene, with one oxygen atom from H,O, and the other 
from H,O. Oxygen atoms derived from H,O, (not depicted) are shown in red, 
and oxygen atoms derived from H,O are shown in blue. Me, methyl. 
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Figure 10 | Illustrative selective oxidations by iron. Highly selective 
oxidations of secondary and tertiary C-H bonds in complex natural 
products have been achieved using Fe(18) (R = H) and H,O,, as illustrated 
by the two reactions shown. The key functional groups involved are shown 
in red. Ac, acetyl. 


Mark Chen and M. Christina White* have ingeniously applied the 
above Fe(17)-H,O,-acetic acid chemistry” to catalyse the hydroxylation 
of unactivated tertiary C-H bonds with a related Fe(18, where R is H) 
complex. With 5 mol% catalyst, the target C-H bond could be hydroxy- 
lated in 40-60% yield in many of the examples presented. In general, the 
most susceptible tertiary C-H bond is the one that is most electron-rich 
and least sterically hindered. The transformation was tolerant of many 
functional groups, as shown in Fig. 10 (upper panel) for the hydroxyla- 
tion of the antimalarial drug artemisinin at the C10 position. When the 
substrate had a carboxylate functionality, the carboxylate took the place 
of the acetic acid additive and could be used to directly attack a nearby 
C-H bond, as illustrated in Fig. 10 (lower panel) for the hydroxylation 
ofa tetrahydrogibberellic acid analogue. These examples show that these 
biologically inspired catalysts may be useful for the synthesis of complex 
organic molecules. 

Iron complexes can also be used to catalyse asymmetric alkene oxida- 
tion, and two systems affording high enantioselectivity are mentioned 
here. Matthias Beller and co-workers developed an in situ-generated cata- 
lyst capable of epoxidizing ary] alkenes with up to 97% yield (Table 1) by 
using a combination of FeCl,, two equivalents of pyridine-2,6-carboxylic 
acid (the doubly protonated form of 19) and two equivalents of pyrrol- 
idine in fert-amy] alcohol solvent®”. When monotosylated (S,S)-1,2- 
diphenyldiaminoethane was used in place of pyrrolidine”, epoxides with 
an enantiomeric excess as high as 97% were obtained. By contrast, Que 
and co-workers used chiral ligand 18 (where Ris Me) (Fig. 8) to obtain a 
complex that catalysed the oxidation of trans-2-heptene to give a cis-diol 
product with 97% enantiomeric excess”". Insights into the nature of the 
active species in these systems are not yet available. 

Although nota strategy often used in nature, substituting Mn for Fe can 
result in superior oxidation catalysts, as was found for metalloporphyrins”. 
Non-porphyrinic Mn centres can also activate H,O, to catalyse alkene oxi- 
dations. Kevin Burgess and co-workers found that even simple MnSO, was 
effective for alkene epoxidation, when carried out in dimethylformamide 
(DME) solvent in the presence of 0.2 M NaHCO, buffer at pH 8 (ref. 92). 
HCO, was formed under these conditions and presumably reacted with 
the Mn(11) ion to form either a Mn(11)-peroxocarbonato or Mn(1v)=O 
species that carried out the epoxidation. Ben Feringa and co-workers dem- 
onstrated that dinuclear Mn(20) complexes catalysed alkene oxidations 
with better turnover numbers than Fe(15) and Fe(17) (700 compared with 
200 turnovers in the best-case scenarios)’. Both epoxide and cis-diol 
products were obtained, and the catalytic efficiency and the epoxide:diol 
ratio were modulated by the electronic and steric nature of carboxylic 
acid additives. Labelling studies of cyclooctene oxidation showed that 
H,"°O incorporation into epoxide and cis-diol products analogous to those 
reported for Fe(15), implicating the involvement of metal-peroxo and 
high-valent metal-oxo intermediates”. However, unlike in the iron study, 
the various species involved in Mn catalysis were proposed to be dinuclear 
in nature, and no intermediate has been identified so far”. 
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Very recently, it was reported that methane could be oxidized in water 
by H,O, at 25-60 °C with silica-supported [Fe,N(21),] as the catalyst”. 
As many as 150 mols CH, per mol catalyst could be oxidized to formal- 
dehyde and formic acid. Catalytic activity was improved by the introduc- 
tion of 0.1 M H,SO, and evidence was obtained for an H,O,-derived oxo 
adduct of the starting catalyst by electrospray mass spectrometry. On 
this basis, a mechanism following the haem paradigm (Fig. 1) was pro- 
posed involving formation of metal-peroxo and high-valent metal-oxo 
species on the intact Fe-N-Fe unit. 

In closing, we briefly mention here the use of iron complex and H,O, 
combinations for environmental applications, which go beyond the 
scope of this review. This effort has been pioneered by Terrence Col- 
lins, whose group has designed and developed complexes of tetraamido 
macrocylic ligands (TAML) such as 22 that are water-soluble and oxida- 
tively and hydrolytically robust”’. These complexes catalyse the activa- 
tion of H,O, and are being investigated for use in the treatment of waste 
water from pulp and textile mills to remove coloured effluents and toxic 
chlorinated phenols. Although the nature of the oxidant(s) generated 
by the Fe(22) and H,O, combination that carry out these interesting 
transformations has not been established, metastable oxoiron(Iv) and 
oxoiron(v) complexes of the TAML family have recently been trapped 
in organic solvents at low temperature and characterized spectro- 
scopically””*. Indeed, the latter is the only bona fide oxoiron(v) complex 
that has been identified. 


Challenges 

In the past decade, Fe, Mn and Cu complexes with non-porphyrinic lig- 
ands that can catalyse oxidations of C-H and C=C bonds by O, or H,O, 
have been identified. These oxidations were inspired by a mechanistic 
understanding of similar transformations carried out by iron and copper 
enzymes. The successes noted in this review are merely starting points for 
further investigations; much more work needs to be done to accomplish 
the goal of discovering broadly useful, active and highly selective hydro- 
carbon oxidation catalysts that operate in an environmentally friendly 
manner. With H,O, as the oxidant, appropriate conditions have been 
determined that minimize formation of unselective hydroxyl radicals and 
promote the heterolytic cleavage of the O-O bond. The latter generates 
amore selective metal-based oxidant that can effect substrate oxidations 
with significant chemoselectivity, regioselectivity, stereoselectivity and/or 
enantioselectivity. Putting this into practice in ways that are useful for 
industrial and fine-chemical synthesis is an important goal. Similarly, 
although effective catalysts for alcohol oxidations using copper-cofactor 
pairs have been developed, finding systems that are both highly active 
and broadly applicable requires further effort“. More generally, extend- 
ing the range of substrates that can be oxidized under environmentally 
friendly conditions by iron or copper catalysts is an important goal, a 
prime example being the selective hydroxylation of methane to methanol 
performed by the soluble (di-iron-containing) and particulate (copper- 
containing) MMOs”. 

A significant challenge is the development of selective catalytic sys- 
tems that use O, as the oxidant and avoid deleterious side reactions. 
Biological systems have unique capabilities in this regard through the 
control of the spatial and/or temporal distribution of substrates and 
oxidants. Such control has yet to be exerted in model systems and needs 
to be addressed, perhaps through more sophisticated biomimetic design 
strategies than those used so far. Further discoveries are likely to be 
made as mechanistic understanding of the enzymes accrues, new types 
of reactive intermediate in the biological and synthetic models systems 
are uncovered and applications toward catalysis are explored. a 
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Towards uranium catalysts 


Alexander R. Fox’, Suzanne C. Bart”, Karsten Meyer’ & Christopher C. Cummins’ 


The forefront of research into the complexes of uranium reveals chemical transformations that challenge 
and expand our view of this unique element. Certain ligands form multiple bonds to uranium, and small, 
inert molecules such as nitrogen and carbon dioxide become reactive when in complex with the metal. Such 
complexes provide clues to the catalytic future of uranium, in which the applications of the element extend 
far beyond the nuclear industry. Most excitingly, the ability of uranium to use its outermost f electrons 

for binding ligands might enable the element to catalyse reactions that are impossible with conventional, 


transition-metal catalysts. 


The non-aqueous chemistry of uranium has been an active area of 
exploration in recent decades’”. The results of these investigations 
paint a picture of the heaviest naturally abundant element that reflects 
its unique position both in the periodic table and in modern life. No 
other element has such a Jekyll and Hyde reputation, associated as ura- 
nium is with the potential for either a carbon-free energy supply or, 
alternatively, mass destruction. Beyond applications to nuclear power, 
future beneficial roles for uranium will be created in part by the quest of 
researchers to understand the properties and potential applications of 
uranium-containing molecules and materials. As humanity intensifies 
its search for carbon-neutral energy sources, the demand for enriched 
uranium asa fissile nuclear fuel can be expected to rise. With this comes 
a grand opportunity for researchers to develop new and beneficial uses 
for the high-purity depleted uranium produced as a by-product of 
nuclear isotope enrichment programmes. 

The early actinide elements, uranium included, have features that 
distinguish them from the transition-metal elements and lanthanide 
elements (see page 314). For example, the comparatively large ionic 
radius of uranium and the availability of f orbitals to engage in bonding 
interactions generate coordination numbers and modes not commonly 
observed for the lighter lanthanide or transition elements. Additionally, 
the range of stable oxidation states that uranium can access, including 
high-valent uranium(v) and uranium(v1), further distinguishes it from 
the more often trivalent lanthanides. The result is a palette of chemical 
reactivity that is special to uranium and complementary to that of the 
d-block transition elements. As a result, complexes featuring uranium 
have begun to find applications in chemical catalysis’. Examples of cata- 
lytic processes mediated by uranium complexes include hydrogenation of 
alkenes‘, oligomerization, dimerization, hydrosilation, and hydroami- 
nation of terminal alkynes”"’. Many of these catalytic processes were first 
demonstrated by stoichiometric reactions, whose further study allowed 
catalysis to be realized. 

This article is concerned with highlighting the forefront of coordi- 
nation chemistry, small-molecule activation and atom/group-transfer 
reactions with well-defined molecular uranium complexes, with an eye 
towards catalysis with uranium. From classical goals such as carbon- 
hydrogen bond activation to recent and unprecedented reactivity involv- 
ing simple chemical feedstock such as dinitrogen and carbon monoxide, 
delineating the state of the art of synthetic uranium chemistry should 
provide form to its future in catalysis, drawn from an expanding array of 
known reactions promoted by the element with atomic number 92. 


Dinitrogen binding and reduction 

The synthesis of ammonia from the elements N, and H,, as practised 
in the Haber-Bosch process, requires harsh conditions of temperature 
and pressure. These requirements can be traced to the great strength of 
the N, triple bond, the activation of which by d-block elements has been 
closely studied with the objective being a milder process for nitrogen 
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Figure 1| Uranium dinitrogen complexes. Complexes of uranium have been 
shown to bind to N, in several ways: in a bridging, side-on manner (a, b); 

ina terminal, end-on manner (c); and in a bridging, end-on manner (d). 
Although the degree of activation of the coordinated N, ligand varies, only in 
6 is the binding of N, irreversible, owing to a highly reducing molybdenum 
centre working together with uranium. Ar, 3,5-dimethylpheny]; i-Pr, 
isopropyl; t-Bu, tert-butyl; Me, methyl; THE, tetrahydrofuran. 
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fixation. Early catalysts used in the Haber-Bosch process contained ura- 
nium, demonstrating the reducing power of this element with respect 
to small, inert molecules such as dinitrogen”. 

One of the first actinide dinitrogen complexes was synthesized by exposure 
of the trivalent complex [U(N;N)] (1; N;N=N(CH,CH,NSi(t-Bu)Me,),; 
t-Bu=-C(CH,),; Me=-CH,) to N,, producing the side-on bound dini- 
trogen complex [L{(N;N)U}(u177,17-N,)]} (2), in which the N, ligand is 
sandwiched between two trigonal monopyramidal uranium centres” 
(Fig. 1a). The N-N bond length of 1.109+0.007 A is essentially that of 
free dinitrogen (1.0975 A), indicating little activation in this example of 
a side-on coordinated dinitrogen ligand. Reduction of dinitrogen did 
occur in the side-on bound uranium(rv) dinitrogen pentalene complex 
[{(Cp*) (n?- 1 »4-(Si-i-Pr;),CgH,)U},(u17.17-N,)] (3; Cp*= 1°-CMess 
i-Pr=—CH(CH,),). Here, the N-N bond length of 1.232+0.010 A is con- 
sistent with an N-N double bond resulting from partial reduction of the 
bound dinitrogen by the uranium centre™ (Fig. 1b). 

Several examples of end-on bound dinitrogen complexes have also been 
observed. The metallocene complex [(Cp*);U] (4) reversibly binds dini- 
trogen in an end-on manner. The resultant complex, [(Cp*);U(n'-N,)] 
(5), has a non-activated N, ligand as supported by both X-ray crystal- 
lography and infrared spectroscopy (Fig. 1c). Both the N-N distance of 
1.120+0.014A and the band for the N-N stretch observed at 2,207 cm7™ 
(PN, analogue =2,134 cm’) indicate that there is no reduction by the 
uranium centre. A heterodinuclear U-Mo compound with a bridging 
1’, '-dinitrogen ligand, [(Ar[t-Bu]N),U(u,n',n'-N,)Mo(N[t-Bu]Ph),] 
(6; Ar=3,5-Me,C,H,; Ph=pheny]l), was synthesized by exposing an 
equimolar mixture of [(Ar[t-Bu] N);U(THE)] and [Mo(N[t-Bu]Ph),] 
in toluene to N, at 1 atmosphere (ref. 15) (Fig. 1d). The highly reactive 
trivalent precursor, [(Ar[t-Bu]N),U(THEF)], is thought to combine with 
an intermediate dinitrogen complex [(Ph[t-Bu]N),Mo(n'-N,)] formed in 
the course of the reaction. Synthesis of 6 with °N, revealed.a band in the 
infrared spectrum at 1,547 cm! that was assigned to the IN-N stretch- 
ing mode. The structure of 6 revealed activation of the N, fragment, 
because the N-N distance was decreased from that of free dinitrogen to 
1.232+0.011 A. The Mo-N distance of 1.773+0.008 A is consistent with 
a multiple-bond interaction!’, and the U-N distance of 2.220+0.009 A 
suggests some degree of multiple bonding between the N, fragment and 
the uranium centre. 

Remarkably, even cleavage of dinitrogen was achieved by treat- 
ing the uranium salt [(Et,-calix[4] tetrapyrrole)U(dme)][K(dme)] 
(dme= 1,2-dimethoxyethane; Et =-CH,CH;) with one equivalent of 
potassium naphthalenide in dme in the presence of dinitrogen gas’. The 
result is a mixed-valent 1-nitrido U(v/1v) complex. This result shows 
the ability of a highly reducing uranium centre, when properly ligated 
and used in combination with an external reducing agent, to reduce the 
strong dinitrogen triple bond completely. 

The side-on coordination mode of dinitrogen typically results in 
a greater N-N bond activation by donation of electron density from 
metal-based n-symmetric orbitals into the N,-based n*-orbital’**°. Con- 
sequently, functionalization of n’-dinitrogen ligands by methods such 
as hydrogenation may be achieved more readily. The labile nature of the 
dinitrogen ligands in 2 and 3 may present a challenge to the synthetic 
elaboration of the uranium-bound N, ligands, although simply conduct- 
ing reactions under a higher pressure of N, may circumvent such issues. 
End-on coordination of dinitrogen tends to result in weaker metal-N, 
interactions, owing to the poor o-donor and 1-acceptor characteristics 
of N,. Coupling n'-N, ligands with external reducing equivalents can 
promote further N, activation and functionalization, and the potential 
of this strategy has been demonstrated with the catalytic production of 
ammonia by N, activation by using a molybdenum-based catalyst”. 


Binding of carbon monoxide and carbonylation chemistry 

Since the development of the Fischer-Tropsch process in the 1930s, 
the activation of carbon monoxide (CO) has been explored for the 
production of synthetic petroleum with a variety of transition-metal 
complexes. Despite this fact, little is known about the reactivity and acti- 
vation of this small C, molecule by actinide elements. Because uranium 
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can form and stabilize charge-separated species, it has potential for the 
activation and functionalization of CO. 

The earliest reported uranium complex of CO resulted from the 
exposure of [(n°-Me,SiC;H,),U] to CO gas”. Formation of the carbonyl 
complex was confirmed by the CO absorption band in the infrared 
spectrum centred at 1,976 cm", present at 1,935 cm™' when “CO gas 
is used and at 1,932cm’ when C’’0 is used. Application of vacuum 
to the compound in solution regenerates the starting material, pre- 
cluding isolation of the product. By analogy with the corresponding 
isonitrile compound, [ny -Me,SiC;H,),;U(CNEt)], the CO complex 
[(n°-Me,SiC;H,);U(CO)] was thought to contain a C-bound carbonyl 
ligand and a linear U-C-O unit. 

After this initial report, the closely related uranium carbonyl complex 
[(n°-Me,C,H),U(n'-CO)] was isolated and characterized spectroscopi- 
cally and crystallographically”. Its infrared spectrum features an intense 
C-O stretch at 1,900 cm, indicating the presence of significant U-CO 
m-backbonding. X-ray crystallography showed a linear U-C-O angle 
(175.2+0.6°) anda short U-C bond (2.383+0.006 A), also indicative of a 
strong bonding interaction with the uranium centre. The C-O distance 
of 1.142+0.007 A is similar to that in [(Cp*),Ti(CO),] of 1.149 A (ref. 24). 
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Figure 2 | Binding and reductive coupling of carbon monoxide. a, Early 
examples of CO complexation by uranium were typified by weak, reversible 
binding of CO in a terminal, end-on manner. b, Recent work has shown 
that CO can bind in ways previously unseen within the coordination 

sphere of uranium, as is the case for the isocarbony] ligand that bridges two 
uranium centres in 9 ((“*"ArO),tacn* = trianion of 1,4,7-tris(3,5-di-t-butyl- 
2-hydroxybenzyl)-1,4,7-triazacyclononane). ¢, d, Carefully constructing the 
coordination environment of uranium has allowed the reductive coupling 
of CO molecules by uranium(t111) ions to form the deltate anion, (C,O;)” (€) 
and the squarate anion, (C,O,)” (d). e, f, CO has also been shown to insert 
into reactive ligand functionalities such the U-C single (e) and double (f) 
bonds. Ph, phenyl. 
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Figure 3 | Coordination and activation of carbon dioxide. a, Abundant 
and typically inert, CO, can be reduced by two electrons by the reactive 
uranium(11) complex 8, releasing CO and producing a bridging oxide 
complex (16). This reaction probably takes place through the initial 
formation of a CO, adduct of 8, following which a second equivalent 

of 8 enters to complete the reduction process and form 16. b, For 17, in 
which the t-butyl groups of the ancillary ligand set have been replaced by 
1-adamantyl (Ad) groups, isolation of a CO, adduct of uranium occurs 
rather than cleavage of the C-O bond. In 18, the CO, ligand binds in an 
unprecedented terminal, end-on, manner and has been reduced by one 
electron. The increased steric bulk of the ligand set, in comparison with 
that of 8, prohibits the formation of a bimolecular complex, thus 
preventing CO elimination. 


Adding another methyl group to the cyclopentadienyl ligand produced 
the similar uranium carbonyl species, [(Cp*);U(n'-CO)] (ref. 25) (7, 
Fig. 2a), with an infrared spectroscopic absorption at 1,922 cm“, which 
shifts to 1,877 cm with °CO. The linearly bound CO ligand (U-C-O 
angle of 180°) is crystallographically disordered, with the CO lying on 
an axis of symmetry. The resultant C-O bond distance of 1.13+0.01A 
indicates little activation”. Addition of CO to [(("""ArO),tacn)U] 
(8; (“P"ArO) jtacn® = trianion of 1,4,7-tris(3,5-di-t-butyl-2-hydroxy- 
benzyl)-1,4,7-triazacyclononane) afforded the first example of a CO- 
bridged dinuclear uranium species, [{((‘""ArO),tacn)U},(u.nn'-CO)] 
(ref. 27) (9, Fig. 2b). The reaction is thought to occur by nucleophilic 
attack of a charge-separated [((“®"ArO),tacn)U(tv)-CO” ] fragment on 
the coordinatively unsaturated uranium(t11) centre in 8. X-ray diffrac- 
tion revealed a bridging end-on coordination mode of the isocarbonyl 
ligand, with a short U-C bond anda longer U-O interaction. Crystallo- 
graphic disorder of the carbonyl ligand, however, prevents the determi- 
nation of reliable distances of the bridging CO ligand and consequently 
precludes assessing the degree of activation by this metric. 

The previously mentioned complexes have demonstrated the first 
important step in a metal-mediated catalytic process, the ability of the 
uranium ion to coordinate and activate the substrate (CO). Subsequent 
formation of new bonds has been realized by addition of CO to a family 
of metallocene-inspired uranium complexes. Exposure of the mixed 
metallocene complex [(n°-COT)(Cp*)U(THF)] (COT = 1,3,5,7-cyclo- 
octatetraene) to CO produces a dinuclear deltate (C,O,” ) uranium(1v) 
complex, [{(n°-COT)(Cp*)U},(4,9',77-C,03)] (ref. 28) (10, Fig. 2c). The 
resultant planar deltate core in 10 arises from uranium-mediated C-C 
bond formation between three CO molecules. The C-O bond distances 
are intermediate between those of single and double bonds. There are 
two short C-C distances and one long distance, the latter featuring an 
interaction with one uranium centre. Modifying the steric demand of 
the supporting ligands provides access to the corresponding dinuclear 
squarate (C,O,” ) derivative (ref. 29) (11, Fig. 2d). 

Carbon-carbon bond formation has also been demonstrated by 
the insertion of CO into uranium-carbon bonds. Carbon monoxide 
inserts into the U-C alkyl bond of [(7°-MeC;H,),U(t-Bu)], creating 
[(n°-MeC,H,),U(C(O)-t-Bu)], which contains an n7-bound acyl group”. 
The related complexes, [(Cp),U(R)] (R= Me, Et, i-Pr, n-Bu, t-Bu; 
n-Bu=-CH,CH,CH,CH,), store CO in the form of the corresponding 
1-acyl complexes, [(Cp);U(C(O)R)] (ref. 31). Clean extrusion of CO 
from [(Cp);U(C(O)R)] is achieved on being heated to 60°C. Although 
clean insertion chemistry with CO was not observed for the triamide- 
supported uranium methyl complex, [((Me,Si),N);U(Me)] (ref. 32), 
the related metallocyclic species, [((Me;Si),N),U(CH,Si(Me),NSiMe;)] 
(12), reacts with CO to generate a new metallocyclic derivative (13), 
which features an exocyclic vinyl group derived from CO insertion and 
methylene migration*’ (Fig. 2e). The polarized U-C bond and inher- 
ent ring strain in 12, coupled with the strength of the U-O bond in 13, 


provide a thermodynamic driving force for this chemistry. Insertion of 
CO into the U-C multiple bond of [(Cp);U(=CHPMePh,)] also gener- 
ates the tetrahedral B-ketoylide derivative [(Cp);U(n’-COCHPMePh,)] 
(14), featuring an n?-CO fragment™. In 14, the C-O bond length of 
1.27+0.03 A, the P-C distance of 1.77+0.02 A and the C-C distance of 
1.37+0.03 A suggest a delocalized structure modelled by two resonance 
structures (Fig. 2f). Carbonylation chemistry has also been described 
with the insertion of CO into uranium-nitrogen bonds”. 

Clearly, CO can interact with uranium complexes in a variety of modes. 
The ability of uranium not only to activate the coordinated CO fragment 
but also to functionalize it indicates that uranium may be a viable metal 
for catalytic CO transformations, provided that the carbonylated organic 
fragments can be removed from the metal centre. 


Complexes and reduction of carbon dioxide 

Carbon dioxide (CO,) is a favourable C, source because of its low cost 
and availability, but its thermodynamically stable double bonds must 
be reduced for it to serve as a practical building block. Transition-metal 
catalysts have been used for CO, activation®*”*, but using uranium 
instead may offer previously unavailable modes for fixation of this key 
small molecule. 

Derivatization of CO, has been accomplished with the formation 
of new carbon-element bonds. The uranium(1v) carbamato species 
[U(O,CNEt,),] was generated by means of salt elimination by the 
addition of a premixed solution of diethylamine and CO, containing 
diethylammonium diethylcarbamate to a toluene solution of UCI, 
(ref. 37). Insertion of CO, into the uranium-sulphur bond of the 
uranium(rv) dithiolate complex, [(Cp*),U(SR),] (R= t-Bu), forms new 
carbon-sulphur bonds in the complex [(Cp*),U(O,CSR),] (ref. 38). 
Thermolysis of [(Cp*),U(O,CSR),] elicits CO, extrusion and the 
formation of [(Cp*),U(SR),]. Tobin Marks demonstrated the inser- 
tion of CO, into the uranium-carbon bonds of the actinide dimethyl 
complex, [(Cp*),U(Me),] (15) (ref. 39). The bis(acetate) complex, 
[(Cp*),U(OAc),], was formed by subjecting 15 to CO, at 1 atmosphere”. 
Infrared spectroscopy and determination of the molecular mass in 
solution suggested a monomeric complex containing bidentate acetate 
ligands. Careful addition of only one equivalent of CO, to 15 formed 
the monomeric methyl acetate complex, [(Cp*),U(Me)(OAc)], which 
has one bidentate acetate ligand. These examples of CO, activation are 
similar to what is observed for corresponding d-block element systems; 
on moving to uranium (rI1) interactions with CO,, however, a significant 
departure is observed. 

Addition of CO, to trivalent 8 results in a two-electron reduction 
of CO, to release CO and produce an oxide-bridged U(1v/1v) species, 
[{((“*"ArO),tacn) U},(u-O)] (ref. 27) (16, Fig. 3a). Replacing the ortho 
t-butyl substituents on the coordinating aryl oxides with adamantyl 
groups forms [((“*ArO),tacn)U] (17; Ad= 1-adamantyl), which, on 
exposure to CO,, generates a previously unseen end-on CO,-uranium 
complex [((““ArO),tacn)U(n'-OCO)] (ref. 40) (18, Fig. 3b). In this 
unusual complex the CO, ligand is bound almost linearly, with 
U-O-C and O-C-O angles of 171.1+0.2° and 178.0+0.3°, respectively. 
The vibrational band for the CO, ligand in 18 appears at 2,188cm™ 
(2,128cm‘’ for °CO,), indicating that this fragment is reduced in 
comparison with free CO, (2,349cm”’) (ref. 41). Reduction is fur- 
ther supported by crystallographic evidence showing that the coor- 
dinated and terminal O-C distances differ. The O-C bond length of 
1.122+0.004 A for the unit directly coordinated to the uranium cen- 
tre is in the range expected for a double bond. However, the terminal 
O-C bond distance of 1.277+0.004 A is much longer, indicating that 
activation has transpired. The crystallographic evidence, supported by 
spectroscopic studies, confirms the formulation of 18 as a charge- 
separated uranium(Iv) species, U(1v)-L” (L=ligand), with a reso- 
nance-stabilized radical within the U-OCO unit”. This exemplified 
ability of uranium to form stable charge-separated species may be an 
important mediator for the stabilization of reactive intermediates in 
catalytic transformations and is a distinguishing factor from d-block 
element chemistry. 
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Figure 4 | Azido, imido and nitrido complexes of uranium. The potential 
application of binary uranium nitride as a nuclear fuel has spurred interest 
in soluble molecular precursors that contain the extremely rare uranium- 
nitride functionality. a, One such example is 20, in which eight uranium 
centres, four azide bridges and four nitride bridges form nanometre- 

sized rings. b, Imido complexes of uranium are of interest because of 

the unique reactivity patterns derived from the U-N multiple bond. The 
uranium(v)-imido complex 21 engages in multiple-bond metathesis 

with CO or acetonitrile (MeCN) to form the corresponding uranium(1v) 
derivatives 22 and 23 together with Si,Me,. c, The chemistry of 23 has been 
extended to include the synthesis of organic carbodiimine molecules by 
means of a closed stoichiometric cycle. d, The multiple-bond metathesis 
reactivity of uranium-imido complexes has been furthered by the recently 
reported trans-bis(imido)uranium(v1) complex (25), which reacts with aryl 
isocyanates to exchange imido ligands through a proposed metallocyclic 
intermediate (26). Mes, 2,4,6-trimethylphenyl. 


Activation of azides and amines 

Reactions of azides (as RN, or N, salts) with metal complexes have 
been explored extensively because they represent a frequent entry point 
to the synthesis of metal imido or nitrido complexes. Typical metal 
azido species can be converted to nitrido fragments through photolysis 
or thermolysis to facilitate loss of dinitrogen. Uranium nitride com- 
plexes are of particular interest because the expected polarity within 
the U-N moiety should impart enhanced reactivity. This attribute may 
facilitate the synthesis of N-functionalized small molecules within the 
coordination sphere of uranium by means of N-atom transfer reactions 
or aziridination”. Uranium azide and nitride species are also significant 
because of their proposed use in nuclear fuel cycles. Binary uranium 
nitrides have advantages over other nuclear fuels because they are dense, 
uranium-rich materials with high thermal conductivities and can func- 
tion at high temperatures”. 

Complexes featuring the uranium nitride functionality have been syn- 
thesized recently in the form of unusual uranium nitrogen rings with the 
core formula (UNUN,),. Treatment of NaN, with the metallocene deriva- 
tive [(n°- C.Me,R),U(u-Ph),BPh,] (19, R= Me, H) produces nanometre- 
sized rings with the formula [(n°-C;Me,R),U(u-N)(17°-C,;Me,R),U(u-N;) |, 
(20) containing alternating nitrido and azido linkages“ (Fig. 4a). The 
nitride bridges have short U-N distances within the double-bond length 
range (from 2.047+0.006 A to 2.090+0.008 A). Infrared spectroscopy 
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identifies the azide ligands with an intense absorption at 2,100 cm). 
The formation of 20 occurs by reduction of four azido units by eight 
uranium(r11) centres to afford four nitrido ligands. Mixed uranium 
azide/nitride cluster formation has also been demonstrated by the reaction 
of UI,(THF), with the unstable uranium hepta-azido salt, Cs,[U(N;),], 
in acetonitrile, which led to the isolation of a one-dimensional polymer 
of unit formula Cs[U,(u4-N)(p-N3)s(CH3CN),I,] (refs 45, 46). At the 
core of each monomeric unit is a distorted tetrahedron composed of 
four uranium(tv) ions, one at each vertex, a nitride ligand that occupies 
a bridging position at the approximate centre of the tetrahedron, and 
eight azide ligands that bridge the uranium vertices in an end-on man- 
ner. Remaining coordination sites at uranium are occupied by iodide and 
acetonitrile, whereas caesium cations enforce the polymeric structure 
by bridging iodide ligands of adjacent tetrahedral clusters. These azide 
derivatives can be compared to the classic monomeric metallocene-based 
uranium bis(azide), [(Cp’),U(N;)] (Cp’=1°-1,2,4-(t-Bu),C;H,) (ref. 47). 

Azide activation is also observed on addition of organic azides to 
low-valent uranium complexes, which additionally generates high- 
valent monomeric uranium imido complexes through N, extrusion. 
For instance, treating [(n°-MeC;H,),U] with phenyl azide resulted in N, 
loss to produce the uranium(v) imido species [(n°-MeC;H,),;U(NPh)], 
where the imido ligand engages in a formal triple bond to uranium”®. 
A similar reaction produced the first uranium(v1) bis(imido) complex, 
[(Cp*),U(NPh),] (ref. 49). Similar bis(imido) derivatives were synthe- 
sized by the reductive cleavage of 1,2-disubstituted hydrazines” and 
the direct reduction of diazene and azide molecules”’. Non-cyclopenta- 
dienyl ancillary ligands can support uranium(v) imido complexes 
as well. Use of the chelating triamidoamine ligand system, [N;N], 
allowed the synthesis of the uranium(v) trimethylsilylimido derivative, 
[(N;N)U(NSiMe,)] (ref. 52), and a similar non-chelating ligand frame- 
work generated the analogous derivative, [((Me,Si),N);U(NSiMe;)], 
which was characterized by X-ray crystallography”. This molecule has 
avery short U-N(imido) bond distance of 1.91+0.02 A, indicative of a 
formal triple bond. 

Addition of azidotrimethylsilane to 8 or 17 in benzene affords the 
uranium(v) imido compounds, [((**"ArO),tacn)U(NSiMe,)] and 
[((“*ArO),tacn)U(NSiMe,)] (21). Crystallographic analysis of 
[((*®"ArO),tacn)U(NSiMe,)] revealed a U-N(imido) distance of 
1.989+0.005 A and a U-N-Si angle of 173.7+0.3°, again consistent 
with a U-N triple bond. The more sterically hindered 21 has the long- 
est ever reported U-N(imido) bond distance, 2.1219+0.0018 A. The 
U-N-Si angle of 162.55+0.12° deviates significantly from linearity, 
a fact that is most probably due to the steric pressure imparted by 
the 1-adamantyl groups, pressure that prevents the imido nitrogen 
p orbitals from engaging in optimal metal-ligand 1-bonding. This causes 
increased nucleophilicity at the imido nitrogen and imparts reactivity 
towards m-acids. Thus, treatment of 21 with CO or MeCN produces 
the respective uranium(Iv) isocyanato and carbodiimido complexes, 
[((“¢ArO),tacn)U(n!-NCO)] (22) and [((A¢ArO),tacn)U(n!-NCNMe)] 
(23), by means of multiple bond metathesis and release of Si,Me, 
(ref. 55) (Fig. 4b). Interestingly, the carbodiimide can be released from 
the uranium centre in 23 by addition of methylene chloride, generat- 
ing the uranium(t1v) chloride, [((“4ArO) ,tacn)U(Cl)] (24), along with 
MeN=C=NCH,Cl (Fig. 4c). Reduction of 24 regenerates 17 for reoxida- 
tion by azidotrimethylsilane. 

James Boncella and co-workers recently reported the formation of 
previously unknown trans-bis(imido)uranium(v1) complexes featur- 
ing the core [U(NR),]** fragment, analogues of the uranyl ion, [UO,]”*. 
Addition of t-BuNH, and I, to elemental uranium turnings in THF 
created the octahedral trans-diimide complex, [(t-BuN),UI,(THF),] 
(U-Nyyg= 1.84 A) with two THF and two iodide ligands occupying 
the equatorial plane in a cis manner”. Similar trans-diarylimide com- 
plexes are obtained by the addition of RNH, (R= Ph, 3,5-(CF3),C,H, 
2,6-(i-Pr),C,H;) and I, to [UI,(THF),] in THF”. The reactivity of 
[(t-BuN),UL,(THF),] includes simple substitution reactions such as 
exchanging the coordinated THF for a more potent donor ligand such 
as Ph;PO, or iodide replacement with trifluoromethanesulphonate 
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by reaction with AgOTf (Tf=CF,SO,) (ref. 57). Reactivity of the 
imido functionality was demonstrated with the synthesis of a mixed 
trans-imido(oxo) complex, [(t-BuN)(O)UL,(THF),], by reaction of 
[(t-BuN),UL(THEF),] with [B(C,F,),-H,O] (ref. 58). Furthermore, the 
phosphine oxide derivative, [(t-BuN),UI,(OPPh;),] (25), reacts with 
one or two equivalents of aryl isocyanates, RNCO (R= Ph or 2,4,6- 
trimethylphenyl (Mes)), to provide the mixed trans-diimide complex 
[(t-BuN)(RN)UL,(OPPh,),] (27) and the symmetric trans-diimide com- 
plex [(RN),UI,(OPPh,),], respectively’. Calculations suggest a reaction 
mechanism involving [2 + 2] cycloaddition of the aryl isocyanate C-N 
double bond across the uranium imido linkage, forming an N,N’-bound 
metallocyclic intermediate (26) that then liberates the 27 and t-BuNCO 
through retro [2 + 2] cycloaddition (Fig. 4c). 


Hydrocarbon activation 

Activation of simple alkanes to form more complicated, desirable prod- 
ucts continues to be a challenge in catalysis. The strong C-C and C-H 
bonds often must be activated and functionalized for elaboration into 
industrially relevant molecules. Previous work has shown that acti- 
nides such as thorium are capable of such reactivity through a o-bond 
metathesis route, and more recently activation with uranium has 
been observed. 

Intramolecular C-H bond activation was demonstrated by addition 
of diphenylditelluride to [(Cp*),U(Me),] (15), the reaction resulting in 
loss of methane and PhTeMe to produce [(Cp*),U(n?-(Te,C)-TeC,H,)] 
(ref. 62) (28, Fig. 5a). Activation of one phenyl C-H bond produces a 
nearly planar four-membered U-Te-C-C ring. The U-C distance is 
2.352+0.004 A and is within the range expected for uranium-aryl single 
bonds. Similarly, addition of pyridine-N-oxide to 15 or the dibenzyl 
derivative, [(Cp*),U(CH,Ph),] (29, ref. 63), produced one equivalent of 


ae N + RH 
15R=Me 30 R=Me 
29 R=CH,Ph 31R=CH>Ph 
c H 
H -H, oN 
i ' : === ((Me3Si)oN SiM 
((MegSi),N)2U.,,-SiMer py, (Messe a iMeo 
Si SiM 
32 SiMe3 2 IMe3 
—Do])+ Do 
HD 
Ka ap D CH2D 
((MesSi)2N)2U. SiMe: =———— ((MesSi)2N)2U. -SiMez 
N +HD he 
SiMe3 SiMe3 
—Dp2]|/+ Do 
D CDH 


1 I 
((MegSi)2N)2U. -SiMez and so on 


SiMeg 


Figure 5 | C-H bond activation with uranium. The direct activation of C-H 
bonds by uranium offers the opportunity to create value-added organic 
products. a, b, Alkane elimination has been coupled with aryl C-H-bond 
activation by uranium(rv) alkyl complexes. c, The reactivity of uranium 
hydride complex 32 has been shown to include hydrogen-deuterium (H-D) 
exchange with D, by means of a C-H-bond-activating pathway. 


either methane or toluene, respectively, and a uranium(Iv) centre coor- 
dinated in an n’-manner by an activated pyridine-N-oxide™® (Fig. 5b). 
One alkyl group is retained, producing the cyclometallated complex 
[(Cp*),U(R)(n7-(O,C)-ONC;H,)] (30, R= Me; 31, R=CH,Ph). 

Similar C-H activation to form substituted indazoles has been 
shown with the sterically pressured uranium diazoalkane complex 
[((“*ArO),tacn)U(N,CPh,)] (ref. 67). Heating this complex, which 
features an n'-bound diphenyldiazomethane ligand, results in cleav- 
age of the ortho-C-H bond of one of the phenyl substitutents followed 
by nitrogen insertion into the new U-C bond, producing the phenyl- 
substituted indazole uranium complex, [(((“*ArO) stacn)U(n ?_3-Ph-Ind)] 
(Ind=C,H.N,, indazolate). 

Intramolecular C-H bond activation by uranium ions has been coupled 
with isotopic labelling in the triamido-based uranium(iv) system, 
[((Me,Si),N);U(H)] (32) (refs 68, 69). Under an atmosphere of D,, 32 
undergoes complete H-D exchange of the metal-bound hydride ligand 
and all 54 of the hydrogen atoms of the ancillary ligand set. The reaction 
may be completely reversed by subjecting the perdeutero derivative of 
32 to an atmosphere of H,. The hydride ligand in 32 can exchange with 
H, or D, by simple o-bond metathesis, but H-D exchange at the hexa- 
methyldisilazide ligands must take place with C-H bond activation. 
Pyrolysis of 32 provides the C-H activated metallocycle, 12, through 
loss of H,. Exposure of 12 to D, leads to the perdeutero derivative of 32, 
thus implicating 12 as a key intermediate in the H-D exchange process. 
A series of equilibrium steps involving elimination of H, (or D,) from 
32, formation of 12 and subsequent reaction with D, (or H,) accounts 
for the observed transformation and its reversibility (Fig. 5c). 

An example of C-H bond coordination to uranium was demon- 
strated by addition of cyclic alkanes to 8, providing the first crystal- 
lographically characterized example of a C-H bond interacting with 
a uranium centre”. The uranium-methylcyclohexane complex 
[((P"ArO),tacn)U(C,H,,)] (C;H,,=methylcyclohexane) has a uranium- 
carbon distance of 3.864 A and short contacts between the peripheral 
t-butyl groups and the axial alkane ligand (from 2.12 A to 2.71 A). The 
uranium-carbon distances are less than the sum of the van der Waals 
radii for a U-CH, or U-CH, contact (3.9 A) and suggest a bonding 
interaction between the alkane and the U centre. X-ray diffraction 
analysis at 5 K allowed the refinement of all hydrogen atoms and estab- 
lished an n7-C,H coordination of the alkane ligand. This snapshot of 
an alkane interacting with a uranium centre may provide insight into 
the type of molecular architecture needed for catalytic C-H activation 
with uranium ions. 


Reactions consuming or producing H, 

The binary uranium(111) hydride, UH;, reduces select substrates, such 
as PhBr, PhNO, and Ph,AsO, in moderate to good yields; however, the 
polymeric nature and consequent low solubility of UH; limit its utility 
for most synthetic applications’'. Complexes featuring reactive U-H 
bonds offer advantages over UH; such as increased solubility, and have 
therefore been applied more extensively. The synthetic utility of hydride 
complexes derived from the [bis(Cp)uranium] framework has been 
clearly demonstrated’. These compounds perform stoichiometric and 
catalytic hydrogenation of unsaturated substrates, with activities com- 
parable to or exceeding those of related transition-metal-based hydro- 
genation catalysts. Treatment of the uranium alkyl complex 15 with 
H, results in hydrogenolysis of the uranium-carbon bonds to generate 
the corresponding uranium dihydride dimer, [{(Cp*),U(H)},(u-H),] 
(33), and methane. Hydrogenolysis of this type proceeds through a 
polar four-centre transition state and features heterolytic H, bond 
scission’. No changes in uranium oxidation state are thought to 
occur despite the fact that higher oxidation states are accessible. The 
dihydride dimer 33 is unstable in solution and in the solid state, with 
reductive elimination of H, transpiring to form the monohydride 
dimer, [{(Cp*),U},(u-H),] (34) (ref. 4). The dihydride can, however, 
be stored for extended periods under an atmosphere of H,, because 
exposure of 34 to H, results in the formation of 33. Additionally, 
uranium alkyl complexes may be prepared by 1,2-insertion of alkenes 
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Figure 6 | Hydride and H, reactions with uranium. a, The uranium 
dihydride dimer (33) is an active catalyst for the hydrogenation of terminal 
alkenes. b, The uranium bis(imido) complex 36 has been used to effect 

the catalytic hydrogenation of organic azides by means of a mechanism 

in which no U-N bond cleavage is thought to occur. ¢, The power and 
versatility of uranium hydride complexes is no better demonstrated than 
by the uranium monohydride dimer (34), which performs four-electron, 
six-electron and even eight-electron reductions of select substrates. COT, 
1,3,5,7-cyclo-octatetraene; Cp*, 1°-C,Me,. 


into the U-H bond. This reaction has been coupled with hydrogenolysis 
of the resultant uranium alkyl complex to catalyse the hydrogenation of 
terminal alkenes and internal alkynes’ (Fig. 6a). 

In a reaction that is unique to uranium, thermolysis of the 
uranium (t11) hydroxide dimer [{(Cp’”),U},(u-OH),] (Cp = 1,3-R,C;H;; 
R=t-Bu, SiMe,) eliminates H,, generating the uranium(Iv) oxo 
dimer [{(Cp’’),U},(u-O),] (ref. 73). Nuclear magnetic resonance and 
isotopic cross-labelling experiments were consistent with an intra- 
molecular mechanism in which oxidation from U(11/11) to U(1v/Iv) 
occurs along with hydride migration to generate the intermediate, 
[(Cp’”),U(u-OH)(-O) U(H)(Cp”),], followed by elimination of H, to 
deliver the observed product. The overall process may be termed ‘oxi- 
dative elimination and is a rare counterpoint to the canonical oxida- 
tive addition and reductive elimination processes observed across the 
periodic table. 

The catalytic reduction of organic azides and hydrazines to the cor- 
responding amines has been achieved by using [(Cp*),U(NR),] (35, 
R=Ph; 36, R= Ad) and H, (ref. 74) (Fig. 6b). Treatment of 36 with H, 
leads to clean, quantitative reduction to a bis(amido)uranium(Iv) com- 
plex, [(Cp*),U(NHAd),] (37). In the presence of AdN,, 37 is oxidized to 
36 and both AdNH, and N, are formed. The catalytic reduction of AdN, 
to AdNH, was thus achieved by heating a mixture of 34 and excess AdN, 
under an atmosphere of H,. When 35 or 36 is treated with N,N’-diphenyl- 
hydrazine, a 2:1 ratio of aniline and azobenzene are observed as the 
only organic products, and the starting bis(imido)uranium(v1) complex 
is completely recovered. Coupled with the absence of any observable 
intermediates, this suggests a mechanism that lacks U-N bond scission. 
Rather, the imido ligands mediate H-atom transfer to N,N'-diphenyl- 
hydrazine while exploiting the U(1v)-U(v1) redox couple. 

Liberation of H, from uranium hydride complexes has been coupled 
to the multi-electron reduction of various substrates, in which both 
metal-based and ligand-based reducing equivalents are used” (Fig. 6c). 
The nature of the substrate being reduced guides whether oxidation 
of uranium(11) to uranium(Iv) or uranium(v1) occurs. For exam- 
ple, 34 reacts with four equivalents of PhEEPh (E=S, Se) to furnish 
[(Cp*),U(EPh),] (38) and H, (one equivalent), an overall four-elec- 
tron process. The reaction of 34 with three equivalents of COT forms 
[{(Cp*)(n°-COT)U},(u-COT)] (39), H, (one equivalent) and the organic 
coupling product (C;Me;),, an overall six-electron process. The reaction 
of 34 with azobenzene leads to the bis(imido) complex 35 and H, (one 
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equivalent), an overall eight-electron process. In all cases, the same reac- 
tivity is observed when 33 is used instead of 34, where initial loss of H, 
from 33 generates 34 before substrate reduction. These results highlight 
the strongly reducing nature of low-valent uranium complexes, the abil- 
ity of uranium-bound hydride ligands to be reducing equivalents, and 
the importance of accessible high-valent states for the resultant uranium 
complexes. 


Reactions of unsaturated groups and polymerizations 
Uranium chemistry for both stoichiometric and catalytic reactions of 
unsaturated functional groups has attained a high level of sophistica- 
tion in recent years. The kinetic, thermodynamic and mechanistic 
factors that govern these useful transformations have been extensively 
reviewed'”"’, As researchers continue to refine their understanding 
of the factors that influence the chemoselectivity and regioselectiv- 
ity of these reactions, their usefulness for opening routes to valuable 
organic synthons such as enynes, imines, alkynylimines and vinylsilanes 
increases. 

The dimethyluranium(1v) complex 15 is as a convenient precatalyst for 
the oligomerization of terminal alkynes. Addition of an alkyne, RC=CH 
(two equivalents), leads to rapid loss of methane and formation of the 
catalytically active bis(acetylide)uranium complex, [(Cp*),U(C=CR),] 
(40). In the presence of excess alkyne, 40 catalyses the formation of 
the geminal 2,4-disubstituted-1-butene-3-yne dimer (41) and the 
(E,E)-1,4,6-trisubstituted-hexa-1,3-diene-5-yne trimer (42) (refs 76, 77). 
The dimer 41 is generated by 1,2-insertion of alkyne into the U-C 
bonds in 40, forming the bis(dienyl) uranium intermediate 43. Subse- 
quent o-bond metathesis with an additional two equivalents of alkyne 
regenerates 40 and releases 41 (Fig. 7a). The trimer is generated by 
2,1-insertion of alkyne into the U-C bonds in 43 to generate intermediate 
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Figure 7 | Oligomerization and polymerization reactions with uranium. 
Catalytic oligomerization of alkynes to form enynes 41 and 42 has been 
achieved with the uranium(rv) alkyl complex (15). a, b, The reaction 
proceeds by the insertion of free alkyne into the U-C bond of the 
catalytically active uranium(Iv) bis(acetylide) complex (40). ¢, Complex 
15 has also been shown to catalyse the ring-opening polymerization of 
cyclic esters such as €-caprolactone. The tautomer-stabilized 45 initiates 
the polymerization reaction. Notable is the relative facility with which this 
transformation takes place, despite uranium’s oxophilic nature. 
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44, followed by alkyne o-bond metathesis to regenerate 40 and release 
42 (Fig. 7b). Alkyne cross-oligomerization is achieved when mixtures 
of alkynes are used”*. In either case, the regioselectivity of the reaction 
is governed by steric interactions between the substituent on the incom- 
ing alkyne and the ancillary ligand framework or the dienyl fragment. 
The triamidouranium(tv) complex [(Et,N),U][BPh,] also catalyses the 
oligomerization of terminal alkenes to the geminal enyne dimer and 
higher oligomers”. The regioselectivity profile of the reaction is reversed 
when performed in the presence of primary amines, R’NH,. The product 
oligomer distribution for the reaction varies depending on the nature 
of Rand R’, and in certain cases is highly selective for cis-enyne dimer 
formation”. 

The coupling of terminal alkynes and isonitriles (RN=C) is catalysed 
by 15, generating an (E)-alkynylimine by 1,1-insertion of isonitrile into 
the uranium -acetylide bond of catalytically active 40 (ref. 81). Higher 
oligomers are also obtained, and the product distributions have been 
shown to be highly dependent on alkyne and isonitrile concentrations. 
The ion pair [(Et,N),U][BPh,] also catalyses the coupling of alkynes and 
isonitriles, providing exclusively the (E)-alkynylimine product”. 

A diuranium ansa-metallocene complex featuring a bridging 
oxide ligand has been shown to catalyse the metathesis of silylalkynes 
and the cross-metathesis of silylalkynes with terminal alkynes”. 
In the proposed mechanism, a uranium silylacetylide complex, 
[{[Me,Si(n°-C;Me,),] U(C=CSiMe,)},(u-O)], reacts with Me,SiC=CH 
to form Me,SiC=CSiMe, and the parent uranium acetylide deriva- 
tive, [{[Me,Si(n°-C;Me,),] U(C=CH)},(u-O)]. Protonolysis with 
an additional equivalent of Me,SiC=CH eliminates ethyne and 
[{[Me,Si(n°-C;Me,),] U(C=CSiMe,)},(u-O)] is reformed. The critical 
transformation involves a four-centre transition state and exchanges 
Si-C and U-C o-bonds. This mechanism differs significantly from that 
of alkyne metathesis with certain transition-metal alkylidyne complexes, 
in which the alkyne C-C triple bond participates directly in a four-centre 
metallocyclic intermediate”. 

Both 15 and [(Et,N),U] [BPh,] have been shown to be active for the 
ring-opening polymerization of e-caprolactone and t-lactide™. For 15, 
o-bond activation leads to the tautomer-stabilized uranium enolate 
complex, 45, which reacts with excess monomer to provide polymers 
with high molecular masses and low polydispersity (Fig. 7c). In addition 
to demonstrating that industrially relevant polyester syntheses can be 
catalysed by uranium complexes, these results most importantly show 
that the oxophilic nature of uranium is not necessarily an insurmount- 
able thermodynamic barrier to achieving turnover in catalytic reactions 
involving intermediate U-O bonds. 


Hydroamination and hydrosilation 

The activation of amine N-H bonds with uranium complexes leads to 
a range of uranium imido and uranium amido complexes relevant to 
hydroamination catalysis and beyond. The reaction of [(Cp”),U(Me),] 
(46) with primary amines results in the elimination of methane and 
formation of the bis(amido) complexes [(Cp”),U(NHR),] (47, R= Me; 
48, R= p-tolyl; 49, R= CH,Ph)®. At elevated temperatures, 47 and 48 
enter an equilibrium with the monomeric uranium(r1v) imido complex, 
[(Cp”),U(NR)] (50, R= Me; 51, R= p-tolyl), by eliminating an equiva- 
lent of the corresponding primary amine. The less sterically crowded 
15 has similar reactivity; however, only with larger substituents at the 
amine does the equilibrium between bis(amido) and imido complexes 
become apparent®*. Activation of ammonia has been observed with 
[(y’- 1,3-(Me;E),C;H;),U(Me),] (E=C, Si), a reaction resulting in the bridg- 
ing uranium(tv) bis(imido) species [{(n°-1,3-(Me;E),C;H,),U},(u-NH),] 
(ref. 85). 

Hydroamination of alkynes has been well demonstrated with a 
variety of uranium complexes''. For example, [(Cp*),U(NHR),] 
(52) catalyses the hydroamination of terminal alkynes with primary 
amines, chemoselectively and regioselectively forming the (£)-imine 
product, 53 (ref. 87) (Fig. 8b). The mechanism is thought to involve 
an intermediate imidouranium(iv) complex, [(Cp*),U(NR)] (54), in 
which the imido ligand is derived from the primary amine as described 
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Figure 8 | Hydroamination of alkynes with uranium. a, Bis(amido) 
complexes of uranium(Iv) can function as precursors to the corresponding 
uranium(rv) imido complexes by elimination of the corresponding primary 
amine. b, This feature has been exploited to catalyse the hydroamination of 
alkynes, in which the elimination of amine from the bis(amido) complex 52 
leads to the imido product 54. Alkynes engage 54 by cycloaddition to form 
the metallocyclobutene intermediate 55, which further reacts with free 
amine to exclusively form an E-imine product (53) while regenerating 52. 
Cp”, 1,3-R,C,H;; Et, ethyl; i-Bu, isobutyl. 


above. Subsequent 2,1-insertion of alkyne into the U-N bond leads to an 
azametallocyclobutene intermediate (55), which reacts further with free 
amine to release the organic product and regenerate 52. This mechanism 
is analogous to that described for the hydroamination of alkynes with 
[(Cp),Zr(NHR),] (ref. 88). Hydroamination of terminal alkynes is also 
accomplished by using [(Et,N),U][BPh,] as a precatalyst®. Varying the 
amines in this case affects the stereochemistry of the product, and more 
bulky amines provide a mixture. The constrained-geometry catalyst, 
(CGC)U(NRR’), (CGC = Me,Si(n°>-Me,C,)(t-BuN); R, R’ = Me, Et), is 
an efficient precatalyst for the catalytic intramolecular hydroamina- 
tion and cyclization of aminoalkenes, aminoalkynes, aminoallenes and 
aminodienes™”. The catalyst’s efficiency is attributed to the steric acces- 
sibility of the uranium centre as enforced by the constrained geometry; 
the catalyst is stabilized throughout the reaction by the coordination 
of free amine. 

Hydrosilation of terminal alkynes with phenylsilane has been achieved 
with 15 asa precatalyst”'. The product distribution contains the trans- 
vinylsilane RCH=CHSiH,Ph (R=i-Pr, n-Bu, t-Bu, SiMe,) as the major 
component, with the alkene RCH=CH, and dehydrocoupled silylalkyne 
RC=CSiH,Ph as minor components. The ion pair [(Et,N),U] [BPh,] 
catalyses the hydrosilation of terminal alkynes as well as the dehydro- 
coupling of amines and silanes”. 


Conclusions 

The stoichiometric transformations presented here satisfy the first 
two criteria for catalysis: the binding and subsequent reaction of sub- 
strate. The third criterion, release of the newly functionalized product, 
presents the greatest challenge to the expanding field of catalysis with 
uranium. Successfully turning over a catalytic cycle requires a careful 
balance of bond dissociation enthalpies among participants along the 
reaction coordinate. The tendency of uranium ions to form very strong 
bonds to hard, anionic ligands, just the sort of ligands that are formed 
in the reductive activation of small molecules, often results in a ther- 
modynamic well from which extricating the functionalized product 
and regenerating the uranium catalyst are difficult. This problem may 
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be circumvented in several ways. Ancillary ligands designed to inhibit 
optimal coordination of substrate to uranium can help to destabilize 
intermediate complexes, thus allowing the product to disengage from 
the uranium centre more readily. Another approach casts uranium as 
a stoichiometric participant in a domino catalysis reaction, by which 
a non-uranium-based catalyst effects the release of the functional- 
ized substrate and returns the uranium complex to its initial reactive 
form”. Although not catalysis with uranium in the strictest sense, this 
approach would allow the unique stoichiometric reactivity of uranium 
to be incorporated into overall catalytic processes. Indeed, the possibili- 
ties offered by using uranium complexes in concert with other metals 
to activate otherwise unreactive uranium ligand bonds were recently 
demonstrated by Polly Arnold and co-workers™: a uranyl complex was 
coaxed into cleaving C-Si and N-Si bonds by polarizing the [UO,]* 
core with coordinated potassium cations. 

The study of catalysis with transition-metal-based systems is by 
comparison a mature field, one from which many benefits have been 
derived. Research on uranium catalysis, although much less developed, 
has already led to application in industrial settings”*. In part, a reluc- 
tance to embrace uranium for scientific and technological applications 
can be traced to anti-nuclear public sentiment; to this objection we 
respond that depleted uranium is only weakly radioactive and can be 
manipulated safely in macroscopic quantities by trained individuals. 
Ultimately, establishing the utility of uranium complexes for common 
synthetic applications depends on demonstrating that uranium cata- 
lysts offer practical advantages not found among the transition metals. 
Compelling arguments for the application of uranium-based catalysts 
may lie in the functionalization of inert small molecules such as N,, CO 
and CO, under mild conditions. This chemistry lies at the very fore- 
front of the field, and many questions about the reactivity of these and 
other uranium complexes remain to be answered. Only by charting the 
reactivity of known molecular uranium systems, and by creating new 
ones, can chemists identify ideally suited applications in catalysis for 
this unique and abundant element. In the course of this endeavour we 
may contemplate a satisfying transformation: that of waste product to 
valuable catalyst. ao 


Note added in proof: Multiple bond metathesis chemistry with CO, 
has also been observed for uranium(v) imido complexes with the 
[((*ArO),tacn)] ligand set, forming the uranium(v) terminal oxo species 
via extrusion of free isocyanate”’. Using such high-valent uranium pre- 
cursors for the synthesis of terminal oxo functionalities eliminates the 
decomposition and dimerization reactions observed when the previ- 
ously reported low-valent uranium(111) analogues were treated with 
CO, or traditional oxygen-atom transfer reagents. 
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An intrinsic mechanism of corticogenesis 
from embryonic stem cells 


Nicolas Gaspard’, Tristan Bouschet’, Raphael Hourez’, Jordane Dimidschstein’', Gilles Naeije’, Jelle van den 
Ameele’, Ira Espuny-Camacho’, Adéle Herpoel’, Lara Passante', Serge N. Schiffmann’, Afsaneh Gaillard? 
& Pierre Vanderhaeghen' 


The cerebral cortex develops through the coordinated generation of dozens of neuronal subtypes, but the mechanisms 
involved remain unclear. Here we show that mouse embryonic stem cells, cultured without any morphogen but in the 
presence of a sonic hedgehog inhibitor, recapitulate in vitro the major milestones of cortical development, leading to the 
sequential generation of a diverse repertoire of neurons that display most salient features of genuine cortical pyramidal 
neurons. When grafted into the cerebral cortex, these neurons develop patterns of axonal projections corresponding to a 
wide range of cortical layers, but also to highly specific cortical areas, in particular visual and limbic areas, thereby 
demonstrating that the identity of a cortical area can be specified without any influence from the brain. The discovery of 


intrinsic corticogenesis sheds new light on the mechanisms of neuronal specification, and opens new avenues for the 


modelling and treatment of brain diseases. 


The cerebral cortex is the most complex structure in the mammalian 
brain, and displays an unparalleled diversity of neuronal subtypes. This 
complexity is established sequentially, starting with the emergence of 
the cortical primordium in the forebrain. Forebrain identity is thought 
to constitute a primitive pattern of neural identity, which is retained 
through the inhibition of caudalizing morphogen signals'. The fore- 
brain then undergoes patterning along the dorso—ventral axis, mainly 
through the induction of ventral identity by sonic hedgehog (SHH), 
secreted from the ventral neural tube and underlying tissue”. This leads 
to the specification of the two main populations of cortical neurons, 
pyramidal neurons and interneurons, which are generated from the 
dorsal and the ventral part of the telencephalon, respectively'*>. 

A next level of complexity emerges through the specification of 
different subtypes of cortical neurons that will populate specific cor- 
tical layers, where they exhibit specific patterns of gene expression and 
connectivity. This specification follows a coordinated temporal pat- 
tern: neurons from different layers are generated sequentially®, but the 
underlying mechanisms remain poorly known”"®. Finally, neurons 
from distinct cortical areas develop selective patterns of gene express- 
ion and projections, through the interplay between factors intrinsic to 
the cortex and extrinsic factors from the brain and body*!'"”. 

A better understanding of cortical development would greatly 
benefit from reductionist approaches. Here we tested whether the 
complex developmental processes leading to the formation of the 
cerebral cortex could be studied in a meaningful way using an embry- 
onic stem cell (ESC)-based system. This led to the surprising discov- 
ery of an intrinsic pathway that recapitulates in vitro most major 
milestones of corticogenesis. 


Generating cortical progenitors from ESCs 

To explore the possibility that forebrain identity might emerge 
during differentiation of ESCs in default conditions, as during in vivo 
embryogenesis', we adapted a method of neurogenesis from adherent 
monocultures of ESCs". We cultured ESCs at low density in a 
chemically defined default medium (DDM) devoid of serum or 


any morphogen but allowing cell survival by insulin. ESCs underwent 
an efficient neurogenesis process leading first to the generation of 
nestin’ neural progenitors, followed by B-tubulin-III” and MAP2* 
(also known as MTAP2*) neurons, and finally by astroglial produc- 
tion (Fig. la and Supplementary Fig. 1). Thus, ESCs cultured in the 
absence of any added morphogen efficiently differentiate into neural 
cells, as described’*'®, and follow a neuron-glia sequence highly 
reminiscent of cortical cells in vitro and in vivo'’. 

We next looked at the regional identity of the neural progenitors 
generated in these default conditions: we found that most neural 
precursors expressed early markers of the anterior neurectoderm 
(OTX1 and OTX2, Fig. lc, n), markers of the dorsal forebrain 
(OTX1 and PAX6, Fig. 1d, e, n) and to a larger extent markers of 
the ventral forebrain (GSH2 (also known as GSX2) and NKX2-1, 
Fig. 1f, g, n and Supplementary Fig. 2a, d). In contrast, only a mino- 
rity (<1%) of progenitors expressed markers indicative of more 
caudal identity (Fig. ln and Supplementary Fig. 2b, c). The fore- 
brain-like identity of ESC-derived neural progenitors was further 
confirmed by polymerase chain reaction with reverse transcription 
(RT-PCR) experiments (Fig. 1m). 

Because SHH is required for the induction of the ventral identity of 
the forebrain, we hypothesized that the large proportion of ventral 
forebrain progenitors in DDM cultures might be induced by an endo- 
genous SHH activity. Consistent with this hypothesis, we found that 
Shh was induced after 4days of DDM culture (Fig. lm). We then 
attempted to block it during the neural progenitor differentiation 
process by using cyclopamine, a specific antagonist of the SHH path- 
way'® (referred to as the ‘DDM plus cyclopamine’ condition). 
Cyclopamine did not change the neuralization process, nor did it alter 
the forebrain identity of the neural progenitors (Fig. la, b, h, n) or 
their proliferative pattern (data not shown). However, the addition of 
cyclopamine caused a massive increase in the expression of dorsal 
markers, whereas expression of ventral markers was almost abolished 
(Fig. li-n; P<0.001 for all markers). Thus, after inhibition of 
SHH signalling in DDM cultures, ESCs can be converted to a largely 


NRIBHM (Institute for Interdisciplinary Research), *Laboratory of Neurophysiology, Université Libre de Bruxelles (ULB), 808 Route de Lennik, B-1070 Brussels, Belgium. “Institut de 
Physiologie et Biologie Cellulaires, Université de Poitiers, Centre National de la Recherche Scientifique (CNRS), 40 avenue du recteur Pineau, Poitiers, F-86022, France. 
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homogeneous population of neural progenitors expressing markers of 
the presumptive cerebral cortex (Supplementary Fig. 2e)"”. 


Generating pyramidal neurons from ESCs 


We next examined the identity of the neurons generated in DDM 
and DDM plus cyclopamine conditions. We found that most 
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Figure 1| Differentiation of ESCs into cortical progenitors. a, b, Sequential 
generation of nestin* neural progenitors, B-tubulin-III * neurons and 
GFAP” astroglial cells, after differentiation in DDM (a) or DDM plus 
cyclopamine (b). Histograms show the proportion of cells expressing the 
given marker among all cells visualized by nuclear staining. No difference is 
observed between DDM and DDM plus cyclopamine conditions. 

c-l, Expression of the early forebrain regionalization markers OTX1 and 
OTX2 (c, e, h, j), PAX6 (d, i), GSH2 (f, k) and NKX2-1 (g, I) among neural 
progenitors after 14 days of differentiation in DDM (c-g) or DDM plus 
cyclopamine (h-l). Nestin, green; markers, red; nuclear staining, blue. 

m, RT-PCR of specific marker genes of the telencephalon (Foxg1), dorsal 
forebrain (Emx1 and Emx2) and ventral forebrain (Dlx1, Dlx5, Nkx2-1 and 
Lhx6), and Shh from day 4-14 cultures of cells in DDM or DDM plus 
cyclopamine. n, Proportions of nestin® neural progenitors expressing 
specific neural regionalization markers after14 days of differentiation in 
DDM or DDM plus cyclopamine, showing a conversion from ventral to 
dorsal forebrain identity in DDM plus cyclopamine. Data are represented as 
mean + s.e.m. Scale bars, 20 um. 
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B-tubulin-III* neurons derived from neural progenitors generated 
in DDM plus cyclopamine expressed the vesicular glutamate trans- 
porters VGLUT1 and VGLUT2 (also known as SLC17A7 and 
SLC17A6, respectively, Fig. 2d), markers of pyramidal neurons of 
the cerebral cortex (Fig. 2e), whereas only a minority of them 
expressed the vesicular GABA (y-aminobutyric acid) transporter 
VGAT, a marker of GABAergic inhibitory neurons (Fig. 2f). In the 
case of neurons generated in DDM, we observed a much greater 
proportion of GABAergic neurons (Fig. 2a—g; P< 0.001, z-test for 
proportions) and a much lower proportion of glutamatergic neurons 
(P<0.001 and P> 0.05, respectively, for VGLUT1 and VGLUT2). 
No markers of non-cortical fates, such as tyrosine hydroxylase, cho- 
line acetyltransferase, rhodopsin or GABA-o6-receptor were found 
in either DDM or DDM plus cyclopamine conditions (data not 
shown). We then performed patch-clamp recordings, and found that 
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Figure 2 | Generation of functional cortical neurons from ESCs in DDM plus 
cyclopamine. a-—f, Expression of glutamatergic vesicular transporters 
VGLUT1 and VGLUT2 as well as the GABA vesicular transporter VGAT in 
6-tubulin-[I * neurons after 28 days in culture, after differentiation in 
DDM (a-c) or DDM plus cyclopamine (d-f). Markers, red; f-tubulin-III 
(stained with Tujl), green. Scale bar, 20 um. g, Proportion of VGLUT1, 
VGLUT2 and VGAT expression among f-tubulin-III * neurons after 

28 days in culture, in DDM or DDM plus cyclopamine conditions. Data are 
shown as mean + s.e.m. (N = 3 experiments; ***P < 0.001, z-test for 
proportions). h, i, Recorded iPSCs (h) and ePSCs (i) from neurons after 
28 days, after differentiation in DDM, showing inhibition by picrotoxin 
(GABA, antagonist) and APV/NBQX (NMDA and AMPA receptors 
antagonists), respectively. The second EPSC in iis the EPSC marked with an 
asterisk in the first graph shown at a different time scale. j, Proportion of 
recorded neurons displaying iPSCs and ePSCs in each condition. Data are 
shown as mean + s.e.m. (N = 33 neurons; P < 0.05, Fischer exact t-test). 
ACSF: artificial cerebrospinal fluid. 
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neurons showed spontaneous action potentials and synaptic currents 
in both DDM and DDM plus cyclopamine conditions (Fig. 2h, i and 
Supplementary Fig. 3a-i). However, in DDM conditions, most 
recorded neurons displayed spontaneous GABAergic inhibitory 
post-synaptic currents (iPSCs), whereas, in DDM plus cyclopamine 
conditions, most recorded neurons displayed glutamatergic excit- 
atory post-synaptic currents (ePSCs; Fig. 2j; P< 0.05; Fisher exact 
t-test). Thus, the differences in expression of neurotransmission mar- 
kers between neurons derived from DDM and those from DDM plus 
cyclopamine conditions correlate with functional differences in syn- 
aptic activity. 

Cortical neurons can be also distinguished by their morphological 
properties: cortical excitatory neurons exhibit a pyramidal or uni- 
polar morphology, characterized by the presence of one dendrite that 
is wider than the others, whereas GABAergic interneurons show 
multipolar morphologies. We compared the morphology of the neu- 
rons generated in each condition, and observed an important qual- 
itative shift, with many more neurons in DDM plus cyclopamine 
displaying a unipolar pyramidal morphology (Fig. 3a—c, P< 0.01, 
7° test). We used a pyramidal morphology index (PMI)”° to objec- 
tively distinguish the dendritic morphology of cortical pyramidal 
neurons and inhibitory neurons. Most neurons generated in DDM 
plus cyclopamine displayed a PMI corresponding to pyramidal neu- 
rons that was significantly higher than that in DDM conditions 
(Fig. 3d; P<0.001, z-test for proportions; Supplementary Fig. 4; 
P<0,001; Mann—Whitney test). 

Within the cortex, glutamatergic pyramidal neurons are polarized 
and oriented radially, with one large dendrite pointing towards the 
cortical surface and the axon pointing towards the ventricular sur- 
face. Using a slice overlay assay*’ we tested whether ESC-derived 
neurons can orient radially like pyramidal neurons. Neurons were 
first differentiated in vitro from green fluorescent protein (GFP)* 
ESCs, and then dissociated and plated on mouse postnatal cortical 
slices. Most neurons generated in DDM plus cyclopamine displayed a 
radial orientation with a dendrite pointing to the cortical surface 
(Fig. 3e-h), whereas only a minor fraction of neurons generated in 
DDM showed this behaviour (Fig. 3h; P< 0,001). 

Together, these data indicate that most of the neurons generated 
from ESCs in DDM plus cyclopamine display morphological and 
functional properties characterizing pyramidal neurons, whereas 
neural progenitors produced in DDM produces a mixture of 
GABAergic multipolar neurons and pyramidal neurons, in marked 
correlation with the differential dorso—ventral identity of the neural 
progenitors generated in each condition. 


Sequential cortical neurogenesis from ESCs 


Pyramidal neurons can be subdivided into numerous subtypes, 
defined in vivo by a repertoire of molecular markers, identifying 
distinct layer-specific neuronal populations’”*™*. To examine the 
diversity of the neuronal repertoire derived from ESCs in DDM plus 
cyclopamine, we studied the expression of a large set of layer-specific 
markers corresponding to the major subtypes of cortical neurons 
generated in vivo in the mouse (Fig. 4a and Supplementary Fig. 5). 
We determined the expression of these markers, alone or in com- 
bination, at the peak of generation of neurons (day 21) and found 
that each was expressed by a specific subset of the neurons, according 
to a combinatorial pattern notably similar to the one observed for 
native cortical neurons (Supplementary Figs 5 and 6a-i and 
Supplementary Table 2). Although the repertoire of ESC-derived 
cortical neurons closely matches the one observed in vivo, we noted 
some quantitative differences, in particular an under-representation 
of upper layer subtypes (Fig. 4b, Supplementary Fig. 5 and 
Supplementary Table 2). This bias is also observed in cultures of 
genuine cortical progenitors*, suggesting that in vivo cues are 
required for the full generation of upper layer neurons”. 

These results indicate that a diverse and physiological repertoire of 
distinct subtypes of neurons corresponding to deep and upper cortical 
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Figure 3 | ESC-derived neurons in DDM plus cyclopamine display 
morphological features of pyramidal neurons. a, b, Typical morphology 
observed for MAP2* mature neurons cultured for 28 days, after 
differentiation in DDM (a) or DDM plus cyclopamine (b). Red arrowheads 
point to large dendrites that are characteristic of pyramidal neurons. Scale 
bar represents 20 tum. ¢, Distribution of neuron morphology. Semi- 
quantitative scoring of neurons displaying pyramidal, unipolar or 
multipolar morphology (N = 3 experiments; P < 0.001 7’ test). 

d, Proportion of neurons displaying a PMI above the cut off of 1.2 after DDM 
or DDM plus cyclopamine conditions, showing a conversion to a pyramidal 
morphology in DDM plus cyclopamine (N = 3 experiments; ***P < 0.001, 
z-test for proportions). Orientation pattern of neurons derived from GFP* 
ESCs in DDM plus cyclopamine (e-h) conditions, differentiated for 21 days, 
and cultured for 4 days on top of postnatal cortical slices. GFP is in white 
(e) and green (f) and MAP? in red in f. Apical surface of the cortical slices is 
up. Dendrites that are located apically and oriented radially are marked by 
red arrowheads in e. g, h, Quantification of the proportion of neurons 
displaying radial orientation for neurons derived in DDM or DDM plus 
cyclopamine conditions. Data are represented as mean + s.e.m. (N = 3 
experiments; ***P < 0.001, z-test for proportions). Scale bar represents 

20 um. All data are shown as mean + s.e.m. 
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layers are generated from ESCs in DDM plus cyclopamine conditions, 
raising the question of whether they are specified according to a pre- 
cise temporal pattern, as observed with native cortical neurons*” 
(Fig. 4a). We addressed this issue by examining the timing of onset 
of expression of these markers throughout the in vitro neurogenesis 
process (Fig. 4b). The first detectable marker to appear in neurons was 
reelin, after 6 days of differentiation (Fig. 4b). The early appearance of 
reelin” neurons suggested that these could correspond to Cajal— 
Retzius neurons (the earliest generated cortical neurons™), which 
was confirmed by combined stainings for other markers of Cajal— 
Retzius neurons and overlay assays (Supplementary Fig. 7). TBR1 
was the second marker to be detected (after 7 days of differentiation), 
followed by OTX1 (8 days), CTIP2 (9 days) and finally SATB2 and 
CUX1 (12 days). Overall, this sequence is highly similar to the 
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temporal pattern observed for genuine cortical neurons in vivo and 
ex vivo (Supplementary Fig. 5)**”. Next we performed 5-bromodeox- 
yuridine (BrdU) pulse-chase experiments combined with staining of 
the neuronal markers to determine the date of birth of each neuronal 
subtype in the ESC system (Fig. 4c). This analysis revealed that neu- 
rons expressing layer-specific markers are generated in sequential 
overlapping waves: first reelin and TBR1* neurons (peak at day 10- 
11), followed by CTIP2* neurons (peaking at day 12-13), and then by 
CUX1* and SATB2* neurons (peaking at day 14-16; Fig. 4c). 
These data demonstrate that ESC-derived neurons corresponding 
to distinct cortical subtypes appear through a coordinated sequence, 
as observed in vivo®’®. To explore the cellular mechanism involved, we 
undertook cell lineage experiments using clonal cell analyses*®. We first 
performed clonal dilutions of ESC-derived neural progenitors at a 
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Figure 4 | The sequential generation of the different subtypes of ESC- 
derived cortical neurons is similar to the in vivo situation, and is encoded 
within single cell lineages. a, Scheme depicting patterns of the layer-specific 
markers in cortical neurons, and their timing of generation in vivo (adapted 
from refs 22, 45). b, Evolution in time of the proportion of B-tubulin-III - 
neurons expressing layer-specific markers in DDM plus cyclopamine. 
Coloured arrows indicate the first day of appearance of each marker (N = 3 
experiments). ¢, Birthdating analysis. Cultures were pulse-labelled with 
BrdU for 24h at various time points (x axis). Cultures were stopped at 
day 21, and the proportion of BrdU fully labelled nuclei was quantified 
among {-tubulin-III * neurons expressing each specific marker (N = 3 
experiments). d, Clonal analysis: ESC-derived neural progenitors were 
dissociated after 10 days of differentiation, followed by culture at clonal 
density for 2-8 days. The proportion of §-tubulin-III ~ neurons expressing 
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layer-specific markers was then quantified (N = 3 experiments). e, Clonal 
analysis reveals the shift in competence of individual neural progenitors. 
Neural progenitors from ESCs were dissociated at distinct time points (days 
10-16 of differentiation), and cultured for 6 days at clonal density, revealing 
a shift in competence from early progenitors generating mainly reelin™ 
neurons, to later progenitors generating mainly CTIP2~ neurons. Values 
represent the mean number of clones containing at least one marked neuron. 
f, g, Typical example of neuronal clones (stained with f-tubulin-III in green) 
resulting from dissociation at day 14 followed by 6 days of clonal culture, 
containing reelin (blue, open arrowhead) and CTIP2 (red, filled arrowhead) 
neurons (f), and reelin (blue, open arrowhead) and SATB2 (red, arrow) 
neurons (g). Scale bar represents 20 um. All data are represented as 

mean + s.e.m. 
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fixed starting point (10 days of differentiation) and characterized the 
neuronal progeny after serial time points (2, 6 and 8 days, Fig. 4d). At 
early stages (2 days of clonal culture), such clones of neural progeni- 
tors generated mostly reelin* neurons and a few CTIP2™ neurons. 
With time, the proportion of reelin* neurons decreased substantially, 
whereas the proportion of CTIP2* neurons increased. SATB2* and 
CUX1~ neurons appeared later in the clones, with a maximum 
reached after 8 days of clonal culture days in vitro. Next we dissociated 
neural cultures from ESCs at different time points (from day 10 to day 
16) and looked at their progeny after 6days in vitro (Fig. 4e). 
Consistently with the previous data, we observed that clones obtained 
from early progenitors (dissociated at day10) generated mostly 
reelin” and some CTIP2* neurons after 6days, whereas clones 
obtained from later progenitors (dissociated at days 12, 14 and 16) 
contained fewer and fewer reelin* neurons but many more CTIP2* 
neurons. These experiments also enabled detection of a substantial 
proportion of clones containing different types of neurons, such as 
reelin and CTIP2 single-labelled neurons (with a maximum at day 
14+ 6) and reelin and SATB2 single-labelled neurons (Fig. 4e-g). 
Together, these results indicate that the ESC intrinsic pathway leads 
to the generation of multipotent cortical progenitors that change in 
competence over time, as suggested for genuine cortical stem cells*”’. 


Cortical axonal projections of ESC neurons 


To characterize further the functionality and identity of ESC-derived 
neurons, we performed in vivo grafting experiments in neonatal 
mice’*”* using a TAU (MAPT)-GFP knock-in ESC line” to identify 
neurons and their axonal projections. ESCs were allowed to differ- 
entiate for 12-17 days in DDM plus cyclopamine conditions, and 
then were dissociated and grafted into the frontal cortex of mouse 
neonates. The differentiation and patterns of projections of the 
grafted cells were analysed after one month (Fig. 5 and 
Supplementary Fig. 8). In all cases, the graft was localized underneath 
the frontal cortex or in the grey matter itself, and most of the grafted 
cells consisted of GFP* neurons that displayed molecular and mor- 
phological landmarks of mature pyramidal neurons, with no evid- 
ence of teratoma formation (Fig. 5a—d, Supplementary Figs 9 and 10, 
Supplementary Note 1 and Supplementary Table 3). 

We next examined the GFP* axonal projections of the grafted 
neurons, and compared them with the endogenous pattern of cor- 
tical projections (schematized in Fig. 5e, f). In most of the grafted 
animals, we found significant projections throughout the external 
capsule and corpus callosum, up to the ipsilateral and contralateral 
cortex, corresponding to cortico—cortical projections (Fig. 5g, h, 
Supplementary Fig. 8a—c and Supplementary Table 4). GFP” projec- 
tions corresponding to subcortical efferents were found in the stria- 
tum, internal capsule, thalamus, cerebral peduncles and midbrain, 
and to pontine nuclei in the hindbrain (Fig. 5i-l, Supplementary Fig. 
8d, e and Supplementary Table 4). Similar patterns of differentiation 
and axonal projections were observed when ESC-derived neuronal 
preparations were grafted in utero in embryonic day 13 embryos 
(Supplementary Note 2 and Supplementary Fig. 11d—g). 

Overall, the projections of the grafted neurons markedly resemble 
the pattern of cortical efferents, providing further evidence that most 
neurons generated from ESCs in DDM plus cyclopamine have a cor- 
tical identity. These results also demonstrate that the pattern of pro- 
jections of the neurons is generated by a diverse repertoire of cortical 
neurons, including projections to the thalamus (corresponding to 
cortical layer VI), the midbrain and hindbrain (layer V), and the 
cerebral cortex (layers II/III and V). Importantly, when performing 
grafting experiments using neurons differentiated in DDM conditions 
(thus containing far fewer pyramidal neurons, Figs 1-3), the grafted 
neurons displayed fewer cortical-like projections, but instead showed 
local neurite outgrowth and scattered multipolar neurons 
(Supplementary Fig. 12 and Supplementary Table 6), confirming that 
the pattern of projections of neurons derived in DDM plus cyclopa- 
mine is mainly the result of an in vitro intrinsic program. 
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We next examined whether the grafting of ESC-derived neural 
progenitors and neurons differentiated after different periods of 
time, and thus possibly enriched for specific laminar fates, could 
generate different layer-specific patterns of projections in vivo. This 
analysis revealed that the proportion of projections found in thala- 
mic, midbrain and cortical targets was different depending on the 
timing of differentiation. Grafts emanating from cells differentiated 
for a shorter period (12 days) displayed a higher proportion of pro- 
jections to the thalamus than grafts emanating from cells differen- 
tiated for a longer period (days 14-17). Conversely, grafts emanating 
from later time points (14-17 days) displayed a higher proportion of 
projections to the cortex than the grafts from earlier time points 
(12 days), whereas the proportion of projections to the midbrain 
followed an intermediate temporal pattern (Fig. 5m; P< 0.001, 77 
test). In correlation with the increase in the proportion of cortico— 
cortical projections for cells cultured for longer periods, the propor- 
tion of CUX1* neurons, a marker of cortico—cortical projection 
neurons, was higher in the grafts emanating from cells cultured for 
14days than those cultured for 12 days in vitro (3+ 1% versus 
11 + 2% (mean + s.e.m.), P< 0.01). Thus, the intrinsic pathway of 
corticogenesis leads to the sequential generation of a diverse array 
of cortical neurons displaying layer-specific patterns of axonal 
projections. 

In addition to layer-specific patterns, cortical neurons display 
area-specific projections, so that each cortical area projects to select- 
ive targets in the rest of the brain” (Fig. 5e, f). To examine this crucial 
aspect of cortical identity, we performed a detailed analysis of the 
patterns of projections of ESC-derived grafted neurons. We found 
that grafted neurons projecting to the cortex, thalamus and mid- 
brain/hindbrain did not innervate these structures in a diffuse way, 
but in a precise manner, corresponding mainly to visual and limbic 
occipital cortex (Fig. 5, Supplementary Fig. 8 and Supplementary 
Table 4). In the cortex, GFP* axons could be seen in most grafted 
animals in the visual areas (V1/V2), as well as in the limbic cortex, but 
no projections to motor (M1) or somatosensory (S1) areas were 
observed in any grafted animal (Fig. 5n and Supplementary Table 
4). In the thalamus (Fig. 5j, o and Supplementary Table 4), GFP* 
axons were observed to innervate the visual thalamic nuclei in most 
animals, whereas they were observed to innervate the other primary 
nuclei of the thalamus in only a few cases. Quantification of the 
distribution of GEP* fibres in each main thalamic nucleus (Fig. 50) 
revealed a much denser innervation in visual thalamic nuclei than in 
any other primary thalamic nucleus. Similarly, when examining pro- 
jections to midbrain and hindbrain, in most cases GEP* axons pro- 
jected to the superior colliculus (Fig. 51, n), the midbrain target of the 
visual cortex, whereas no fibres could be observed in the pyramidal 
tract or spinal cord corresponding to motor projections, or to the 
auditory inferior colliculus. In addition, most grafted animals sent 
projections to the limbic cortex, medial thalamic nuclei and mid- 
brain periventricular grey matter, corresponding to structures receiv- 
ing diffuse projections from the neocortex and limbic cortex (Fig. 5n, 
Supplementary Fig. 8 and Supplementary Table 4). A similar area- 
specific pattern of projection was found after different days of in vitro 
differentiation (days 12-17), suggesting that cells were committed to 
these specific areal fates after at least 12 days in vitro. 

The projections of ESC-derived neurons look strikingly similar to 
those described with late embryonic occipital cortex grafted into neo- 
natal frontal cortex (which display a mainly visual identity), but are 
quite distinct from the pattern of embryonic frontal cortex grafted 
into frontal cortex (which develop mainly motor-like projec- 
tions)***'**. Importantly, our results were all obtained with grafts in 
the frontal cortex, suggesting that the patterns observed were not due 
to the re-specification of the grafted neurons through the influence of 
the host'**°, ESC-derived neural cells thus appear to undergo in vitro 
an area-specific differentiation process that results in a surprisingly 
specific identity, corresponding mainly to occipital/visual cortex. 
Confirming this hypothesis, we found that even before grafting most 
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Figure 5 | ESC-derived neurons display a wide range of layer-specific but 
selective area-specific patterns of neuronal projections when grafted in 
vivo. a, Representative case of a GFP* (in white) graft located under the 
cerebral cortex with axonal projections through the internal capsule (small 
arrows), the external capsule (arrowheads) and the corpus callosum (large 
arrow). b, c, A graft located within the motor cortex, with most of the cells 
being GEP* (b, in green) and MAP2° (c, in red), nuclear staining is in blue. 
d, Single GFP* neurons grafted in the cortex display a pyramidal 
morphology and radial orientation. e, f, Scheme of the layer- and area- 
specific endogenous patterns of projections of layer VI (e) and layer V 

(f) neurons, from motor (red), somatosensory (orange), auditory (green) 
and visual (blue) areas. e, Layer VI neurons project to the thalamus in an 
area-specific pattern: motor to the ventrolateral (VL), somatosensory to the 
ventrobasal (VB), auditory to the medial geniculate (MG) and visual to the 
lateral geniculate (LG) nuclei (other visual targets lateral dorsal (LD) and 
lateral posterior (LP) not shown). f, Layer V neurons project to more caudal 
structures in an area-specific pattern: motor to the pediculopontine nuclei 
(PPN) and the spinal cord, auditory to the inferior colliculus, and visual to 


ESC-derived neural progenitors expressed the CoupTFI (NR2F1) and 
CoupTFII (NR2F2) transcription factors (81.6442.22% and 
95.1 + 1.23%, respectively, Supplementary Fig. 8f, g), which are pref- 
erentially expressed in the embryonic occipital/visual cortex™*”*®. 


Discussion 

ESCs constitute a powerful resource in neurobiology, enabling the 
directed specification of spinal, hindbrain and midbrain neurons***. 
The ability for mouse ESCs to generate forebrain-like progenitors 
was reported previously, but the identity of the neurons generated 
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the superior colliculus and PPN. gl, Patterns of projections of the grafted 
ESC-derived neurons in the corpus callosum (g), the visual cortex (h), the 
internal capsule, the striatum (i) and the thalamus (j), with many fibres in LG 
but very few in the VB (arrow in j), the cerebral peduncles (k) and the 
superior colliculus (arrow, I). PAGM, Peri-aqueductal gray matter. 

m, Quantification of the proportion of fibres found in layer-specific targets, 
from grafted cells differentiated for different time periods in vitro. Increasing 
the time of differentiation yields more cortico—cortical fibres but less 
cortico—thalamic fibres (***P < 0.001). n, Quantification of the proportion 
of grafted animals displaying GFP” fibres in cortical areas and subcortical 
targets. IC, inferior colliculus; SpC, spinal cord; SC, superior colliculus. M1, 
motor area; Pyr, pyramidal tract; $1, somatosensory area; V1, V2, visual 
areas. 0, Quantification of the number of fibres found in selective thalamic 
nuclei. Area-specific colour codes are the same as in e and f, and diffuse/ 
limbic targets are labelled in black (***P < 0.001). All values are displayed as 
means = s.e.m. Scale bars represent 500 jum (a), 50 tum (b, ¢, i, k), 20 um 
(d), or 100 pum (g, h, j, 1). Dorsal (D) is up and medial (M) is left. 


had remained uncertain*®*’. Here we demonstrate that ESCs can be 
efficiently specified into a repertoire of neurons that display cardinal 
features of cortical neurons, including patterns of axonal projections, 
opening new avenues to apply ESC technology to cortical biology and 
diseases”. 

Corticogenesis from ESCs follows the major milestones of cortical 
development, including regional and temporal patterning of pyr- 
amidal neuron specification, through the generation of multipotent 
cortical progenitors that sequentially produce neurons displaying 
distinct layer-specific identities. In contrast, ESC-derived cortical 
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progenitors have a much more restricted capacity to develop diverse 
area-specific identities, as most of the generated neurons display a 
selective pattern of visual/limbic areas. This surprising finding indi- 
cates that a specific cortical area can differentiate without any influ- 
ence from the brain, through an intrinsic pathway that may 
correspond to an ancestral developmental program of the mammalian 
forebrain**. 


METHODS SUMMARY 


Embryonic stem cells were propagated using standard procedures. For neural 
differentiation, ESCs were plated at low density on gelatin-coated dishes and 
cultured in DDM, devoid of any morphogen or serum derivative. Cyclopamine 
was added from day 2 to day 10 of differentiation. After 10-14 days of differen- 
tiation, neural progenitors were dissociated and plated on polylysine/laminin 
and cultured in N2B27 medium. For clonal analyses, neural progenitors were 
dissociated and cultured on polylysin/laminin-coated coverslips at clonal den- 
sity. Immunofluorescent and RT-PCR detection of the markers were performed 
according to standard methods. Pyramidal morphology analysis and overlay 
assays were performed as described*®”', and electrophysiology was performed 
using standard procedures. In vivo grafting was performed as described for 
embryonic cortical neurons*' using neonatal or embryonic mice. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

ESC culture. Embryonic stem cells (E14Tg2a (obtained from Baygenomics), 
E14Tg2a-GFP, a derivative thereof, and the TAU-GFP knock-in line”’) were 
routinely propagated using standard procedures" on gelatin-coated cell culture 
plastic dishes (0.1% gelatin, Sigma; for E14Tg2a cell lines) or on mitotically 
inactivated mouse embryonic fibroblasts (MEFs; for the TAU-GFP KI cell line). 
Neural differentiation. The neural differentiation protocol was adapted from 
the adherent monoculture protocol described previously". Similar results were 
obtained with several ESC lines, including distinct derivatives of E14 and J1 cells. 
ESCs were trypsinized, dissociated and plated at a density of 5 X 10° cells per cm? 
on gelatin-coated cell culture plastic dishes in ESC medium. After adhesion, 
medium was changed to DDM. DDM consists of DMEM/F12 (Invitrogen- 
Gibco) supplemented with 1X N2 supplement (100 N2 supplement consists 
of 8.61 LM insulin, 1 mM transferrin, 2 uM progesterone, 10.01 mM putrescine 
and 3.01 uM selenite; Invitrogen-Gibco), 2 mM glutamine, 1 x MEM-nonessen- 
tial amino acids, 1 mM sodium pyruvate, 0.5mg ml ' bovine serum albumin 
(BSA) fraction V (all from Invitrogen-Gibco), and 110 1M B-mercaptoethanol 
(Sigma). Cyclopamine (Calbiochem) was added from day2 to day 10 in the 
differentiation medium at a final concentration of 1 1M. After 10 to 14 days of 
differentiation, cells were trypsinized, dissociated and plated on polylysine/lami- 
nin (Becton-Dickinson) coated glass coverslips and allowed to grow for 
4-14days in N2B27 medium. N2B27 medium consists of a 1:1 mixture of 
DMEM/F12 supplemented with 1X N2, 2mM glutamine, 0.5mgml~' BSA 
fraction V and 110 uM f-mercatoethanol with Neurobasal supplemented with 
B27 (without vitamin A; Invitrogen-Gibco) and 2 mM glutamine. 
Immunofluorescence and quantification. Medium was removed and cells 
were rinsed with PBS and then fixed for 30min in 4% paraformaldehyde 
(PFA) in PBS, pH_7.4, at 4°C. PFA was removed and cells were rinsed with 
PBS. Blocking and permeabilization was done in PBS with 5% horse serum 
(Invitrogen-Gibco), 3% BSA (Sigma) and 0.3% ‘Triton X-100 (Sigma). 
Incubation with primary antibodies was done in PBS with 1% horse serum, 
3% BSA and 0.1% Triton X-100 overnight (12-18 h) at 4°C. Cells were rinsed 
three times with PBS and incubated with secondary antibodies in PBS with 1% 
horse serum, 33% BSA and 0.1% Triton X-100 for one hour at room temper- 
ature (18-20 °C), and then rinsed again with PBS. For multiple labellings, the 
process was repeated. Nuclei were stained with bisbenzimide (Hoechst 33258; 
Sigma). For some antibodies, antigen retrieval was used before blocking. The 
primary and secondary antibodies used are described in Supplementary 
Methods 1. 

For quantification of the proportion of cells expressing a specific marker, at 
least 300 cells from three independent experiments (at least 100 cells from each 
experiment) were counted for each time point studied. 

BrdU labelling. For pulse-chase experiments, BrdU (Becton Dickinson) was 
added to the differentiation medium on the different days (see text) during 
24h at a final concentration of 10 uM. Cells were dissociated after 21 days of 


nature 


differentiation and plated on polylysin/laminin-coated coverslips for an addi- 
tional day. For short-term BrdU uptake experiments, BrdU was added to the 
differentiation medium during 1h before cell dissociation and replating. BrdU 
was detected by immunofluorescence as described above. 

Clonal analyses. ESC-derived neural progenitors at day 10-16 were trypsinized 
and thoroughly dissociated with a Pasteur pipette and subsequently with a 200-p1l 
tip into a single-cell suspension. Dissociation was checked under a brightfield 
microscope and usually yields >99% single cells. Cells were plated on polylysin/ 
laminin-coated coverslips at clonal density (3-5 cells per mm”) into clonal med- 
ium supplemented with fibroblast growth factor (FGF2). Clonal medium was 
adapted from ref. 8 and consists in Neurobasal supplemented with 1X N2, 
1X B27, 2mM glutamine and 1X penicillin-streptomycin (Gibco). Half of the 
medium was changed every three days. FGF2 was added to the medium at con- 
centrations (0.1 ngml~' or 10ngml_') that have been shown to sustain clonal 
growth from single cortical progenitors and to allow the sequential generation of 
the different populations of cortical neurons*. 

RT-PCR. RT-PCR was performed according to Supplementary Methods 2. 
Morphology. For the morphology study, we used the PMI described previ- 
ously’. Pictures of at least 100 neurons stained for MAP2 were taken randomly 
for each condition and from two different experiments, and the quantification 
was done blindly in Adobe Photoshop Software using a 25 tm circle drawn on a 
superposed layer. 

Overlay assay. Postnatal day 2 mice brains were dissected in cold L15 buffer 
supplemented with glucose, embedded in 3% low-melting point agarose in L15, 
and sectioned (coronal) on a vibratome at 300 um. Slices were cultured on a 
transparent porous membrane (1 jim pore size, Greiner) in a 35-mm well con- 
taining N2B27 medium. Neurons derived from GFP-expressing ESCs were dis- 
sociated after 21 days by trypsinization and mechanical trituration, washed and 
resuspended at 1 X 10° cells per millilitre before being plated onto cortical slices. 
Slices were cultured for 4 days after plating, and then fixed with 4% PFA over- 
night at 4°C and processed for immunofluorescence. PFA was removed and 
slices were rinsed three times with PBS. Immunofluorescence was performed 
as described previously. Quantification of radial dendrite orientation was done 
blindly according to ref. 21 using Adobe Photoshop software. At least 300 cells on 
at least 9 different slices coming from 3 independent experiments were assessed 
(at least 100 cells from each experiment). 

Electrophysiology. Electrophysiological recordings were performed according 
to standard procedures (Supplementary Methods 3). 

In vivo grafting experiments. In vivo grafting in neonatal (day of birth or one 
day later) mice of ESC-derived cortical neurons (after 12-17 days in DDM plus 
cyclopamine or DDM) was performed as described previously for genuine 
embryonic cortical neurons’, with modifications described in Supplementary 
Methods 4. In utero grafting experiments were performed according to 
Supplementary Methods 5. Analysis and quantification of the grafts and their 
projections are described in Supplementary Methods 6. 
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Structural basis for specific cleavage of 
Lys 63-linked polyubiquitin chains 


Yusuke Sato’”, Azusa Yoshikawa’”, Atsushi Yamagata’, Hisatoshi Mimura', Masami Yamashita’, 
Kayoko Ookata*, Osamu Nureki*+, Kazuhiro Iwai’, Masayuki Komada® & Shuya Fukai’* 


Deubiquitinating enzymes (DUBs) remove ubiquitin from conjugated substrates to regulate various cellular processes. The 
Zn**-dependent DUBs AMSH and AMSH-LP regulate receptor trafficking by specifically cleaving Lys 63-linked 

polyubiquitin chains from internalized receptors. Here we report the crystal structures of the human AMSH-LP DUB domain 
alone and in complex with a Lys 63-linked di-ubiquitin at 1.2 A and 1.6 A resolutions, respectively. The AMSH-LP DUB domain 
consists of a Zn?‘ -coordinating catalytic core and two characteristic insertions, Ins-1 and Ins-2. The distal ubiquitin interacts 
with Ins-1 and the core, whereas the proximal ubiquitin interacts with Ins-2 and the core. The core and Ins-1 form a catalytic 
groove that accommodates the Lys 63 side chain of the proximal ubiquitin and the isopeptide-linked carboxy-terminal tail of 
the distal ubiquitin. This is the first reported structure of a DUB in complex with an isopeptide-linked ubiquitin chain, which 


reveals the mechanism for Lys 63-linkage-specific deubiquitination by AMSH family members. 


Ubiquitin is a post-translational modifier that regulates a wide variety 
of biological processes’. Activated ubiquitin is typically attached to 
substrate lysine residues by an isopeptide linkage between the terminal 
carboxyl group of ubiquitin and the ¢-amino group of the target lysine 
residue. Additional ubiquitin molecules can be attached to the lysine 
residues in ubiquitin itself, producing polyubiquitin chains. Although 
Lys 48-linked ubiquitin chains are the most abundant linkage in vivo 
and constitute the canonical signal for degradation by the proteasome, 
all seven lysine residues are used to form polyubiquitin chains in vivo’. 
The roles of ubiquitin chains linked by means of residues other than 
Lys48 are less thoroughly understood. However, Lys 63-linked 
ubiquitin chains serve proteasome-independent roles in a variety of 
intracellular events, such as DNA repair, ribosomal protein synthesis, 
inflammatory signalling, endocytosis and vesicular trafficking’. 
For instance, endosomal cargo proteins such as epidermal growth 
factor receptor are targets of Lys 63-linked polyubiquitination‘. 
Lys 63-linked polyubiquitinated receptors on the cell surface are inter- 
nalized by endocytosis and delivered to sorting endosomes, where the 
receptors can be routed back to the cell surface or directed to late 
endosomes/lysosomes to be degraded’. 

DUBs are isopeptidases that catalyse the removal of ubiquitin. 
DUBs can be divided into five groups: ubiquitin-specific protease 
(USP), ubiquitin carboxy-terminal hydrolase (UCH), Otubain 
protease (OTU), Machado-Joseph disease protease and JAB1/ 
MPN/Mov34 metalloenzyme (JAMM)*’. All DUBs except JAMMs 
are cysteine proteases, whereas JAMMs are zinc metalloproteases. 

AMSH (associated molecule with the SH3 domain of STAM, also 
known as STAMBP) family members*”? are JAMM DUBs, which 
specifically cleave Lys 63-linked polyubiquitin chains’*". It has been 
suggested that AMSH proteins facilitate the recycling of receptors by 
removing Lys 63-linked polyubiquitin chains, resulting in the traf- 
ficking of receptors to the cell surface. The amino-terminal half of 
AMSH proteins interacts with clathrin and ESCRT (the endosomal 
sorting complex required for transport) proteins on the endosome, 


whereas the C-terminal half is engaged in Lys 63-linkage-specific 
deubiquitination. 

Until now, many DUB structures have been reported, some of 
which are DUBs in complex with a bound ubiquitin monomer’*”*. 
However, no JAMM DUB structure has been reported in isolation or 
in complex with ubiquitin, and the mechanism of linkage-specific 
polyubiquitin cleavage has remained unknown for all DUBs owing 
to the lack of structures of DUBs in complex with isopeptide-linked 
ubiquitin chains. Furthermore, there are few structural models that 
illustrate the basis of linkage-specific ubiquitin binding'”’. Here we 
report crystal structures of the human AMSH-LP (also known as 
STAMBPL1) JAMM DUB domain alone and in complex with a 
Lys 63-linked di-ubiquitin (K63—Ub,) at 1.2 A and 1.6 A resolutions, 
respectively. The complex reveals the structural basis for selective 
cleavage of Lys 63-linked ubiquitin chains by AMSH family members. 


Structure of the AMSH-LP DUB domain 


The region containing residues 264-436 of human AMSH-LP is suf- 
ficient for the Lys 63-linkage-specific DUB activity (Supplementary 
Fig. 1). This region is referred to as the DUB domain in this study. 
The crystal structure of the AMSH-LP DUB domain consists of the 
JAMM core’ and two AMSH-family-specific insertions, Ins-1 (resi- 
dues 314~339) and Ins-2 (residues 393-415) (Fig. la). The JAMM 
core has been defined in the crystal structures of the other non-DUB 
JAMM-motif-containing proteins such as yeast and worm Prp8 (refs 
20, 21), human MOV34 (ref. 22) and archaeal AffAMM (refs 23, 24; 
Supplementary Fig. 2). In the JAMM core of AMSH-LP, Zn*~ is 
coordinated by His 347, His 349, Asp 360 and a water molecule 
hydrogen bonded to Glu292, in a manner similar to that in 
AfJAMM*? (Fig. 1b, top). Two important and unique features of 
the AMSH-LP DUB domain are the insertions Ins-1 and Ins-2, which 
are conserved among AMSH family members (Supplementary Fig. 3). 
Ins-1 consists of a pair of antiparallel B-sheets (84 and B5) and the 
following «-helix («2). Ins-2 is composed of one «-helix (a4) and the 
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following long loop harbouring Cys 402, His 408 and His 410, which 
coordinate the second Zn? *, together with His 362 on «3 in the JAMM 
core (Fig. 1b, bottom). 


Structure of the complex with K63-Ub, 


For the crystallization of the complex with K63—Uby, we prepared the 
DUB domain of the catalytically inactive AMSH-LP E292A mutant 
(AMSH-LP'***“) and enzymatically synthesized K63—-Ub as 
described in previous studies*’’ (with minor modifications, see 
Methods). The asymmetric unit contains two complexes; these are 
almost identical, except for residues 319-322 and 401-414 of AMSH- 
LP, which seem to be affected by crystal packing. Hereafter, we will 
discuss the complex that is unaffected by the crystal packing. 

In the AMSH-LP*??*4eK63-Ub, complex, K63—Ub, adopts an 
extended conformation. Recognition of the extended conformation 
is reasonable because previous NMR studies have shown that Lys 63- 
linked polyubiquitin chains are extended and lack stable intra-chain 
ubiquitin—ubiquitin interactions in solution’””. This is in contrast to 
Lys 48-linked polyubiquitin chains. There are no intermolecular con- 
tacts between AMSH-LP and K63—Ub, near Lys63 (replaced by 
Arg 63 in the present complex) in the distal ubiquitin and near 
Gly 76 in the proximal ubiquitin, indicating that AMSH-LP has 
endo-DUB activity for Lys 63-linked polyubiquitin chains (Fig. 1c). 
The distal ubiquitin binds to Ins-1 and the JAMM core with a buried 
surface area of 1,324 A’, which is comparable to those of the other 
DUB-ubiquitin complexes such as USP7-ubiquitin’® (1,831 A’), 
UCHL3-ubiquitin’® (1,166 A’) and OTU1 (also known as 
OTUB1)-ubiquitin'® (1,143 A”). In contrast, the proximal ubiquitin 
binds to Ins-2 and the JAMM core with a buried surface area of 


Distal 
ubiquitin }Proximal 
ubiquitin 


Figure 1| Overall structure of the AMSH-LP DUB domain alone and in 
complex with K63-Ub2. The JAMM core, Ins-1 and Ins-2 of AMSH-LP are 
coloured grey, orange and green, respectively. The proximal and distal 
ubiquitins are coloured pink and cyan, respectively. a, The AMSH-LP DUB 
domain. o-helices and B-strands are numbered «1-04 and B1-f11, 
respectively. b, Anomalous difference Fourier maps in Zn?” -coordinating 
sites, contoured at 50. c, The AMSH-LP®???“eK63-Ub> complex. Arg 63 in 
the distal ubiquitin (Lys 63 in the wild type) is shown by a stick model. d, A 
2F,—F, electron density map around the isopeptide linkage, contoured at 
1.50. 
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472 A?. The B-stranded C-terminal tail of the distal ubiquitin and 
the conjugated Lys 63 of the proximal ubiquitin are accommodated 
in a 20-A-long catalytic groove formed by «3 of the JAMM core and 
B5 of Ins-1 in AMSH-LP (Fig. 1c, d). The Zn**-coordinating active 
site is covered with the side chains of Asp 321 in Ins-1 and Phe 407 in 
Ins-2, resulting in the closed active site (Supplementary Fig. 4). 


Proximal ubiquitin recognition 


The proximal ubiquitin is recognized by the Zn” * -coordinating loop 
of Ins-2 and the loop connecting B6 and «3 in the JAMM core (Figs 1c 
and 2). These two regions form a concave surface that binds the 
molecular surface around Lys 63 of the proximal ubiquitin and 
ensures that only Lys 63-linked ubiquitin can bind in the proper 
orientation for catalysis. The interface between AMSH-LP and the 
proximal ubiquitin has two sequence-specific interactions. First, the 
Oy atom and main-chain NH of Thr 353 in the JAMM core form a 
hydrogen bond with the Ne and Os atoms of Gln 62 in the proximal 
ubiquitin, respectively (Fig. 2). Second, the Oy atom and main-chain 
NH of Ser 358 in the JAMM core form a hydrogen bond with the two 
Oe atoms of Glu 64 in the proximal ubiquitin (Fig. 2). These hydro- 
gen bonds probably allow the tripeptide sequence, -Gln62-Lys 63- 
Glu64-, in the proximal ubiquitin to align correctly for Lys 63-link- 
age-specific deubiquitination. Furthermore, the JAMM core residue 
Phe 355 and the Ins-2 residue Phe 407 form the binding site for 
aliphatic portions of Lys63 in the proximal ubiquitin (Fig. 2). 
Finally, the side chain of Pro 409 in Ins-2 provides hydrophobic 
interactions with that of Phe 4 in the proximal ubiquitin. 

The functional importance of proximal ubiquitin recognition by 
AMSH-LP was assessed by kinetic experiments using T353A, S358A, 
C4028, F355A and F407A mutants (Supplementary Table 1). 
Compared to the wild-type enzyme, mutations in the proximal ubi- 
quitin-binding residues and the Zn** -coordinating Cys 402 in Ins-2 
decreased ka, values by 10- to 420-fold with similar or lower K,, 
values. This result indicates that the interaction with the proximal 
ubiquitin is critical for catalysis, but not for binding affinity. It is 
unlikely that our mutations in the proximal ubiquitin-binding site 
reduce k.., values by causing misalignment of the catalytic residues. 
First, because the side chains of Thr 353 and Ser 358 in AMSH-LP are 
exposed to solvent, replacement of these residues with Ala is unlikely 
to alter the structure of the catalytic site significantly. Second, our 
high-resolution structures show a stable catalytic site with low tem- 
perature factors despite the presence of the E292A mutation in the 
catalytic site. Therefore, we propose that the interaction with the 
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Figure 2 | Proximal ubiquitin recognition. a, The interface between AMSH- 
LP and the proximal ubiquitin. The colouring scheme is the same as in Fig. 1. 
b, Schematic representation of a. Hydrogen bonds and hydrophobic 
interactions are displayed as dashed orange and red lines, respectively. The 
JAMM core and Ins-2 in AMSH-LP are labelled by grey and green 
backgrounds, respectively. The proximal and distal ubiquitins are 
highlighted by pink and cyan backgrounds, respectively. 
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proximal ubiquitin facilitates the correct orientation of the proximal 
ubiquitin and accurate positioning of the isopeptide-linked Lys 63 for 
efficient Lys 63-linkage-specific deubiquitination. Stabilization of the 
Ins-2 loop by the Zn?* coordination is essential in this context. Lys 48- 
linked polyubiquitin chains can be cleaved in the presence of the 
C402S mutant but not of the other mutants (Supplementary Fig. 5). 


Distal ubiquitin recognition 

The hydrophobic patch surrounding Ile 44 of ubiquitin is of central 
importance for the ubiquitin binding of numerous ubiquitin-inter- 
acting proteins~’. Many cysteine-protease DUBs, such as USP7 (ref. 
13), UCHL3 (ref. 15) and OTU1 (ref. 16), recognize the hydrophobic 
patch surrounding Ile 44 in the distal ubiquitin. However, others, 
including IsoT (also known as USP5)"*, do not. In the present 
AMSH-LP!**?4eK63—-Ub, complex, the hydrophobic patch of the 
distal ubiquitin formed by side chains of Leu 8, Ile 44 and Val 70, 
and the CB atom of His 68 interacts with aliphatic side chains of 
Val 328 and Phe 332 in Ins-1 of AMSH-LP (Fig. 3a, b). On the face 
of ubiquitin opposite the Ile 44-centred hydrophobic patch, side 
chains of Ile 36, Leu 69 and Leu 71, and the Cy atom of Thr 7, form 
a hydrophobic pocket that accommodates the side chain of Met 370 
in the JAMM core of AMSH-LP (Fig. 3a, b). Mutations in these two 
hydrophobic interfaces, F332A and M370A, increased K,,, values 12- 
and 18-fold, respectively, with little effect on k.,, values, in contrast to 
mutations in the proximal binding site (Supplementary Table 1). 
This result indicates that the binding affinity primarily relies on the 


Re) 

| ey, 

He 4)-<A 54 
y & NS 
His 68 4 TON g Thr342™ 


J eahe 7 Lel 8 
Lev6o ye ~ » 


4 val70 pal 
ty ~~ ee of 


oi 
WA) 
i 


Met 370 43 


‘lle36-<* 


> \ His 349 . 
[ Ser 357 | 
m4: 


Leu 71 


Figure 3 | Distal ubiquitin recognition. a, The hydrophobic interfaces 
between AMSH-LP and the distal ubiquitin. The colouring scheme is the 
same as in Fig. 1. b, Schematic representation of a. The colouring scheme is 
the same as in Fig. 2b, except that Ins-1 in AMSH-LP is highlighted by an 
orange background. ¢, The interface between AMSH-LP and the C-terminal 
tail of the distal ubiquitin. The colouring scheme is the same as in Fig. 1, 
except that the modelled side chain of Glu 292, Zn” * and Zn’* -coordinating 
water are translucent. d, Schematic representation of c. The colouring 
scheme is the same as in b. 
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two hydrophobic interfaces between AMSH-LP and the distal ubi- 
quitin. In addition to hydrophobic interactions, four hydrogen 
bonds are formed between Ins-1 of AMSH-LP and the distal ubiqui- 
tin (Fig. 3a, b). The main-chain NH groups of Val 328 and Thr 342 in 
AMSH-LP hydrogen bond with the Og atom of Gln 49 and the main- 
chain CO of Leu 8 in the distal ubiquitin, respectively. The two Os 
atoms of Glu 329 in AMSH-LP hydrogen bond with the N¢ atom of 
Lys 48 and the main-chain NH of Gln 49 in the distal ubiquitin. 
Replacement of Glu329 by Ala increased the K,, value 2.9-fold 
(Supplementary Table 1). 

AMSH-LP also interacts with the C-terminal tail of the distal ubi- 
quitin (Fig. 3c, d). The C-terminal tail of the distal ubiquitin forms a 
B-sheet with B5 (residues 323-325) in Ins-1 of AMSH-LP. The 
B-stranded C-terminal tail is further stabilized by an extensive hydro- 
gen bonding network, as shown in Fig. 3d. The main-chain NH and 
CO of Gly 76 in the distal ubiquitin hydrogen bond with the Od atom 
of Asp 360 and the Oy atom of Ser 357 in AMSH-LP, respectively. 
The main-chain CO groups of Arg 74 and Arg 72 in the distal ubi- 
quitin hydrogen bond with the Oy atom of Thr 363 and the On atom 
of Tyr 367 in AMSH-LP, respectively. The Ne and Ny atoms of 
Arg 74 in the distal ubiquitin hydrogen bond with the two O06 atoms 
of Asp 324 in AMSH-LP. In addition to the extensive hydrogen bond 
network, the side chain of Leu 73 in the distal ubiquitin is accom- 
modated in a hydrophobic pocket formed by the side chains of 
Cys 294, Ile 296, Met 325 and Trp 345 in AMSH-LP. The side chain 
of distal ubiquitin Leu 71 is stabilized by hydrophobic interaction 
with the side chain of Tyr 367. These extensive interactions probably 
guarantee accurate positioning of the scissile isopeptide bond in the 
Zn** -coordinating active site. 


Catalytic mechanism 

As described above, we mutated the water-mediated Zn** -coordi- 
nating residue Glu 292 to Alain AMSH-LP to facilitate crystallization 
of the complex with K63—Ub>. Thus, we do not observe electron 
density corresponding to the catalytic Zn’* or to the Zn** -coordi- 
nating water molecule in the AMSH-LP****4eK63-Ub, complex. 
Nonetheless, the active site architecture in the K63—Ub2-bound 
AMSH-LP??* is nearly identical to that in AMSH-LP alone. All 
atoms of the Zn** -coordinating residues in AMSH-LP can be super- 
posed on those of the K63—Ub2-bound AMSH-LP*”°*“ with a root 
mean squared deviation value of 0.235 A. On the basis of this super- 
position, we have modelled Zn**, the Zn**-coordinating water 
molecule, and the side chain of Glu292 in the AMSH- 
LP*?°*44K63-Ub, complex shown in Figs 3c and 4a. 

The catalytic mechanisms of Zn?*-containing metalloproteases 
have been extensively studied*”*". The intermediate state of thermo- 
lysin has been observed in structures of thermolysin bound to various 
phosphorous-containing peptide analogues*’. Although AMSH-LP 
and thermolysin are only related by the fact that they are Zn?*-con- 
taining metalloproteases, the Zn**-coordinating active sites are 
remarkably similar to each other (Fig. 4a, b). When substrate-bound 
structures of thermolysin and AMSH-LP are superposed so that the 
positions of the catalytic Zn’* atoms and their coordinating atoms 
are aligned, the scissile bonds of the substrates are located in very 
similar locations and orientations (Fig. 4a, b). This suggests that the 
catalytic mechanism of isopeptide bond cleavage by AMSH family 
members is probably the same as that of peptide bond cleavage by 
thermolysin (Fig. 4c). We used our DUB assay to test whether 
mutants of the water-activating Glu 292, the Zn**-coordinating 
Asp 360, and the intermediate-stabilizing Ser 357 affect catalysis in 
a manner consistent with our proposed mechanism. We found that 
the E292A and D360A mutants completely lose their DUB activities 
and that the S$357A mutant reduced the k.. value 34-fold 
(Supplementary Table 1), suggesting that AMSH-LP probably cata- 
lyses isopeptide bond cleavage by means of the same mechanism that 
thermolysin uses to cleave peptide bonds. 
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Figure 4 | Catalytic mechanism. a, The isopeptide bond of K63—Ub, in the 
active site of AMSH-LP. The colouring scheme is the same as in Fig. 3c, 
except that the carbon atom in the scissile bond is coloured orange. b, The 
reaction intermediate analogue CBZ-Phe-PO,-Leu-Ala (ZFPLA) in the 
active site of thermolysin (protein data bank code 4TMN; CBZ is a 
benzyloxycarbonyl group). Thermolysin is coloured grey. CBZ—Phe, 
Leu—Ala and the phosphorous atom in ZEPLA are coloured cyan, pink and 
orange, respectively. c, Schematic representation of a proposed mechanism 
of DUB catalysis by AMSH-LP. The Zn?‘ -coordinating water and the distal 
and proximal ubiquitins are highlighted by red, cyan and pink, respectively. 


Other JAMM isopeptidases 


The human genome seems to contain 14 JAMM proteins, 7 of which 
have a complete set of the conserved residues for Zn** coordination’. 
Among them, six members (AMSH, AMSH-LP, BRCC36 (also known 
as BRCC3), Rpn11 (also known as PSMD 14 and POH1), MYSM1 and 
CSNS5) have been reported to have isopeptidase activity for ubiquitin 
or ubiquitin-like proteins”****. Although the amino acid sequences of 
these six members are highly divergent, portions of the JAMM core are 
conserved** (Supplementary Fig. 6). BRCC36, Rpnll, MYSM1 and 
CSN5 have insertions in a similar position of AMSH-family Ins-1, 
which might provide the B-sheet interaction with the C-terminal tail 
of the distal ubiquitin or ubiquitin-like proteins. 

Rpnll is a component of the 19S proteasome and cleaves the 
isopeptide bond of the polyubiquitin chain proximal to the substrate 
before substrate degradation by the proteasome**”*’. Alignment of the 
amino acid sequences of AMSH, AMSH-LP and Rpn11 suggests that 
Rpnll uses an AMSH-like strategy to bind distal ubiquitin. The 
sequence alignment of Rpn11 and AMSH-LP shows that two inser- 
tions intervene in the JAMM core of Rpnll as well as in that of 
AMSH-LP (Supplementary Fig. 7). The JAMM motif and the distal 
ubiquitin-binding residues are well conserved between AMSH-LP 
and Rpn11. Furthermore, residues Phe 332 and Val 328 are involved 
in distal ubiquitin binding by AMSH-LP and are strictly conserved in 
Rpnll, whereas Glu 329 is replaced by the functionally equivalent 
Asp (Supplementary Fig. 7). This sequence conservation suggests 
that AMSH family members and Rpn11 share a common strategy 
for distal ubiquitin recognition and DUB catalysis (Fig. 5). In marked 
contrast, there is no sequence similarity between Rpnl1 and AMSH- 
LP around the proximal ubiquitin-binding residues. Furthermore, 
Ins-2 of Rpn11 lacks a Zn**-coordinating motif, which we demon- 
strated is crucial for AMSH-LP DUB catalysis owing to stabilization 
of the proximal ubiquitin recognition loop in Ins-2 (Supplementary 
Fig. 7). 

The observations discussed above suggest that the specificity of 
AMSH family members for Lys 63-linked polyubiquitin chains is 
derived primarily from the interactions with the proximal ubiquitin, 
which we revealed by the AMSH-LP*”°*4eK63—Ub, complex struc- 
ture in this study. In AMSH-LP, the linkage-specific recognition of 
the polyubiquitin chain is achieved by a single domain containing 
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Figure 5 | Conservation among the DUB domains of AMSH, AMSH-LP and 
Rpni1. 100% and more than 60% identical residues are highlighted by red 
and yellow, respectively, on the molecular surface of AMSH-LP. K63-Ub, is 
shown as a translucent cartoon model with the proximal and distal 
ubiquitins coloured pink and cyan, respectively. 


two characteristic insertions. However, many DUBs have a multi- 
domain structure, and some DUBs associate with other proteins, 
including E3 ubiquitin ligases’. It is probable that, in some cases, 
these additional domains or proteins can confer linkage specificity. 
A better understanding of the mechanisms used by proteins to 
achieve linkage-specific polyubiquitin cleavage awaits the further 
biochemical and structural characterization of other linkage-specific 
DUBs. 


METHODS SUMMARY 


Details of the preparation and crystallization of the AMSH-LP DUB domain 
alone and in complex with K63—Ub, are described in Methods. Diffraction data 
sets were collected at beamline NW12A in PF-AR (Tsukuba, Japan), and pro- 
cessed with HKL2000 (ref. 38) and the CCP4 program suite*’. To solve the 
structure of the AMSH-LP DUB domain from the SAD data set, SHELX97 
(ref. 40), SHARP*', SOLOMON/DM***? and ARP/wARP“ were used for 
heavy-atom site search, phase calculation, density improvement and automatic 
model-building, respectively. These programs were controlled by autoSHARP”. 
MOLREP* was used to solve the structure of the AMSH-LP*?°*4eK63-Ub, 
complex by molecular replacement. Atomic models were corrected by using 
COOT” with careful inspection. Refinement was carried out by using 
Refmac5 (ref. 48) with iterative correction and refinement of the atomic models. 
The final models have excellent stereochemistry (except that His 303 of AMSH- 
LP in the complex is in the disallowed region of the Ramachandran plot) and 
Réree Values of 0.165 for the AMSH-LP DUB domain and 0.215 for the AMSH- 
LpP???44K63-Ub2 complex at 1.2 A and 1.6 A resolution, respectively. Data col- 
lection, phasing and refinement statistics are shown in Supplementary Table 2. 
All molecular graphics were prepared with PyMOL (DeLano Scientific; 
http://www.pymol.org). 

For the in vitro DUB assay, wild-type and mutant AMSH-LP DUB domains 
were overproduced in Escherichia coli as glutathione S-transferase (GST)-fusion 
proteins and affinity-purified by glutathione sepharose chromatography. Site- 
directed mutations were generated by PCR. For each experiment, | jig of enzyme 
was incubated with 10g of substrate at 20°C in 50 pl of 100mM Tris-HCl 
buffer (pH7.2) containing 25mM KCl, 5mM MgCl and 1mM DTT. 
Reactions were stopped by boiling after addition of 2X SDS-PAGE sample 
loading buffer and then analysed by SDS-PAGE. Details of the kinetic experi- 
ments are described in Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Preparation of the AMSH-LP DUB domain. The gene encoding the DUB 
domain of human AMSH-LP (residues 264-436) was PCR-amplified and cloned 
into the expression vector pCold-GST (Hayashi, K. and Kojima, C., submitted) 
with Ndel and Xhol sites to produce an N-terminal GST fusion protein. E. coli 
Rosetta (DE3) cells (Invitrogen) were transformed with the expression vector and 
cultured in luria broth media containing 100 mg] ' ampicillin at 37 °C. When the 
optical density at 600 nm of the culture reached ~0.5, the culture was incubated 
for 30 min at 15 °C. Thereafter, isopropyl-f-b-thiogalactopyranoside (IPTG) was 
added to a final concentration of 0.3 mM to induce protein expression for 24h at 
15 °C. Cells were collected by centrifugation at 8,000g for 15 min, and were dis- 
rupted by sonication in phosphate buffered saline (PBS) containing 1 mM dithio- 
threitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.5% Triton 
X-100. The lysates were centrifuged at 30,000g for 60 min, and the supernatants 
were loaded onto a glutathione sepharose FF column (GE Healthcare) pre-equi- 
librated with PBS containing 1 mM DTT and 0.5% Triton X-100. The column was 
washed with PBS containing 1 mM DTT and 0.5% Triton X-100 and then with 
PBS containing 1 mM DTT. The GST fusion proteins were eluted with 50 mM 
Tris-HCl buffer (pH 8.0) containing 200mM NaCl, 1mM DTT and 15mM 
reduced glutathione. The GST tags were cleaved by PreScission protease (GE 
Healthcare), and the samples were dialysed against 50mM Tris-HCl buffer 
(pH 8.0) containing 40 mM NaCl and 1 mM DTT. The samples were passed over 
a ResourceQ anion exchange column (GE Healthcare) pre-equilibrated with 
50 mM Tris-HCl buffer (pH 8.0) containing 40 mM NaCl and 1 mM DTT. The 
flow-through fractions were loaded onto a Superdex 200 16/60 (prep grade) 
column (GE Healthcare) pre-equilibrated with 10mM _ Tris-HCl buffer 
(pH 7.2) containing 50 mM NaCl and 5 mM f-mercaptoethanol. 

Preparation of mouse El. The N-terminal His.-tagged mouse El (Ubel, also 
known as Uba2) was overproduced in Sf9 cells infected by baculovirus contain- 
ing the Hisg-tagged mouse El gene’’. Cells were collected and disrupted by 
sonication in 50mM Tris-HCl buffer (pH 7.5) containing 150mM NaCl, 
5 mM f-mercaptoethanol and 0.1 mM PMSF. The cleared lysate was loaded onto 
Ni-NTA (Qiagen) column. The column was washed with 50 mM Tris-HCl buffer 
(pH7.5) containing 150 mM NaCl, 5mM f-mercaptoethanol and 20 mM imi- 
dazole. El was eluted with a step gradient of 50-800 mM imidazole. The eluted 
E1 was dialysed against 50 mM Tris-HCl buffer (pH 7.5) containing 150 mM 
NaCl and 5mM f-mercaptoethanol. Finally, the Hisg-tagged El was concen- 
trated to 4M and stored at —80 °C until use. 

Preparation of yeast E2, Ubc13 and Mms2. The genes encoding yeast Ubc13 and 
Mms2 were cloned into pGEX-4T1 (GE Healthcare) and pET28a (Novagen) 
expression vectors, respectively. E. coli strain Rosetta (DE3) cells (Invitrogen) 
were transformed with each expression vector to produce the N-terminal GST- 
fused Ubc13 or His-tagged Mms2. The transformed E. coli cells were cultured in 
luria broth media containing 50mg]! ampicillin for Ubc13 or kanamycin for 
Mms2 at 37°C. When the optical density at 600 nm of the culture reached ~0.5, 
IPTG was added to a final concentration of 0.3 mM to induce protein expression. 
After another 17-h culture at 20 °C, cells were collected by centrifugation at 8,000g 
for 15 min, and were disrupted by sonication in PBS containing 1 mM DTT and 
1mM PMSF. The His,-tagged Mms2 was purified in the same manner as the His,- 
tagged E1. The purified Mms2 was concentrated to 140 uM and stored at —80 °C 
until use. The cleared lysate containing the GST-fused Ubc13 was loaded onto a 
glutathione sepharose FF column (GE Healthcare). The column was washed with 
PBS containing 1 mM DTT. The GST-fused Ubc13 was eluted with 50 mM Tris- 
HCI (pH 8.0) buffer containing 150 mM NaCl, 15 mM reduced glutathione and 
1mM DTT, and cleaved by thrombin at 4 °C overnight (16 h) to remove the GST 
tag. After dialysis against 50 mM Tris-HCl (pH 8.0) buffer containing 50 mM 
NaCl and 1 mM DTT, Ubc13 was subjected to MonoQ anion exchange column 
(GE Healthcare) pre-equilibrated with 50 mM Tris-HCl buffer (pH 8.0) con- 
taining 1mM DTT. Ubc13 was eluted with 50mM Tris-HCl buffer (pH 8.0) 
containing 1mM DTT using a linear gradient of 0-1.0M NaCl. The eluted 
Ubc13 was concentrated to 130 1M and stored at —80 °C until use. 
Preparation of mouse ubiquitin mutants, K63R and D77. The genes encoding 
mouse ubiquitin mutants K63R and D77 were cloned into pET26b (Novagen) 
expression vector. E. coli strain Rosetta (DE3) cells (Invitrogen) were trans- 
formed with the expression vector to produce the ubiquitin mutants. The trans- 
formed E. coli cells were cultured in luria broth media containing 50mg1"! 
kanamycin at 37 °C. When the optical density at 600 nm of the culture reached 
~0.5, IPTG was added to a final concentration of 0.3 mM to induce protein 
expression. After expression for 17h at 20°C, cells were collected by centrifu- 
gation at 8,000g for 15 min, and were disrupted by sonication in 50 mM ammo- 
nium acetate (pH 4.5) buffer containing 2mM DTT, 1mM EDTA and 1mM 
PMSF. The cleared lysate was incubated at 70 °C for 5 min to denature proteins 
from E. coli, which were precipitated by centrifugation at 30,000g for 20 min. The 
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supernatant was loaded onto SP Sepharose Fast Flow (GE Healthcare) pre-equi- 
librated with 50 mM ammonium acetate (pH 4.5) buffer containing 2mM DTT 
and 0.1 mM EDTA. The ubiquitin mutants were eluted with 50 mM ammonium 
acetate (pH4.5) buffer containing 2mM DTT using a linear gradient of 
0-500 mM NaCl. The eluted ubiquitin mutants were fractionated by HiLoad 
Superdex75 (GE Healthcare) size-exclusion column with 50mM Tris-HCl 
(pH7.6) buffer containing 2mM DTT and 0.1mM EDTA. Each mutant was 
concentrated to 30 gl ' and stored at —80 °C until use. 

K63-Ub) synthesis and purification of the complex. Purified mouse E1, yeast 
E2 (Ubc13 and Mms2) and two mouse ubiquitin mutants (K63R and D77) were 
mixed in 50 mM Tris-HCl buffer (pH 7.6) containing 2mM ATP, 1mM DTT, 
5mM MgCh, 10 mM creatine phosphate (Sigma Aldrich), 0.6 units of creatine 
phosphokinase (Sigma Aldrich) and 0.6 units of inorganic pyrophosphatase 
(Sigma Aldrich) at 37 °C overnight. Final concentrations of E1, E2 and ubiquitin 
mutants were 0.1 tM, 8 WM and 5g |, respectively. The reaction mixture was 
put on ice for 10 min to stop the reaction. 0.2 volumes of 2 M ammonium acetate 
were added to decrease the pH to less than 4.0. The synthesized K63—Ub2 was 
loaded onto a MonoS cation exchange column (GE Healthcare) pre-equilibrated 
with 50mM ammonium acetate (pH 4.5) buffer containing 5mM DTT and 
1mM EDTA. The K63—Ub, was eluted with 50mM ammonium acetate 
(pH 4.5) buffer containing 5mM DTT and 1 mM EDTA using a linear gradient 
of 0-0.6 M NaCl. The eluted K63—Ub, was loaded onto HiLoad Superdex75 (GE 
Healthcare) size-exclusion column with 20mM phosphate-K (pH 7.6) buffer 
containing 150 mM KCl and 1mM EDTA. The purified K63—Ub, was concen- 
trated to 30g1 | and stored at —80°C until use. 

To prepare the AMSH-LP*”°*“eK63-Ub, complex, K63—Ub; was incubated 
with a 1.5-fold molar excess of AMSH-LP*??"4 (residues 264-436) at 4 °C over- 
night. The AMSH-LP"*°?4*K63—Ub, complex was loaded onto a HiLoad 
Superdex 200 size-exclusion column (GE Healthcare) equilibrated with 
10mM Tris-HCl buffer (pH 7.2), 50mM NaCl and 5mM f-mercaptoethanol 
to remove unbound AMSH-LP’?**, 

Crystallization. Purified AMSH-LP (residues 264-436) and the AMSH- 
Lp*?°?4eK63—Ub, complex were concentrated to 13.5 and 11.5 mg ml’, respect- 
ively, using an Amicon Ultra-15 10,000 MWCO filter (Millipore). Initial crystal- 
lization screening was performed using the sitting drop vapour diffusion method 
at 20 °C, with a Mosquito liquid-handling robot (TTP Lab Tech). We tested about 
500 conditions, using crystallization reagent kits supplied by Hampton Research, 
and initial hits were further optimized. The best crystals of AMSH-LP were 
obtained at 20 °C with the sitting drop vapour diffusion method by mixing 1 pl 
of protein solution with an equal volume of precipitant solution containing 
45 mM sodium acetate buffer (pH 4.6), 22% PEG4000, 90 mM ammonium acet- 
ate and 10mM praseodymium (III) acetate and were allowed to equilibrate 
against 500 ul of reservoir solution containing 50mM sodium acetate buffer 
(pH 4.6), 18% PEG4000 and 100mM ammonium acetate. The best crystals of 
the AMSH-LP??°*4eK63—Ub, complex were obtained at 20°C with the sitting 
drop vapour diffusion method by mixing 1 1l of protein solution with an equal 
amount of precipitant solution containing 180mM tri-ammonium citrate 
(pH 7.0), 24% PEG3350 and 3% 1,6-hexanediol and allowed to equilibrate against 
500 ul of reservoir solution containing 200 mM tri-ammonium citrate (pH 7.0) 
and 20% PEG3350. The crystal of the AMSH-LP belonged to space group P6s, 
with unit cell dimensions a= b = 81.9 A, c= 64.7 A. The crystal of the AMSH- 
Lp*?*4sK63—-Ub, complex belonged to space group P2,, with unit cell dimen- 
sions a= 38.1 A, b=97.4A, c= 87.9A, B =97.5°. 

Kinetic analysis. Kinetic analyses were performed at 20°C in a reaction buffer 
containing 100 mM Tris-HCl buffer (pH 7.2), 25mM KCl, 5mM MgCl, and 
1mM DTT. The final concentrations of the AMSH-LP DUB domain in all 
reaction mixtures were 25nM for the wild type and 50 (E329A, F332A, 
M370A), 250 (S358A), 500 (T353A, S357A, F407A) or 1,000nM (F355A, 
C402S) for the mutants. To calculate the kinetic parameters, initial rates were 
measured at four different concentrations of K63—Ub, ranging from 25 to 
1,200 uM (Supplementary Fig. 8). The reaction was terminated by boiling after 
addition of 2X SDS-PAGE sample loading buffer then subjected to tricine SDS— 
PAGE analysis. Various amounts (4.3 ug to 12.8 ug) of ubiquitin monomers 
were loaded on the same gels as standards for quantification, and stained with 
coomassie brilliant blue. Gels were imaged using a Nikon COOLPIX 995 digital 
camera (Nikon Corporation) in 8-bit TIFF format of 2,048 X 1,536 pixels (typ- 
ical sample images are presented in Supplementary Fig. 8). The pixel density of 
the gel bands of ubiquitin monomers was analysed with Image] software (http:// 
rsb.info.nih.gov/ij/). The assay was carried out three times for each mutant. 
Kinetic parameters were calculated by fitting to a Hanes-Woolf plot. 


49. Iwai, K. et al. Identification of the von Hippel-Lindau tumor-suppressor protein as 
part of an active E3 ubiquitin ligase complex. Proc. Nat! Acad. Sci. USA 96, 
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Structural insights into the evolutionary 
paths of oxylipin biosynthetic enzymes 


Dong-Sun Lee'*, Pierre Nioche**, Mats Hamberg® & C. S. Raman’ 


The oxylipin pathway generates not only prostaglandin-like jasmonates but also green leaf volatiles (GLVs), which confer 
characteristic aromas to fruits and vegetables. Although allene oxide synthase (AOS) and hydroperoxide lyase are atypical 
cytochrome P450 family members involved in the synthesis of jasmonates and GLVs, respectively, it is unknown how these 
enzymes rearrange their hydroperoxide substrates into different products. Here we present the crystal structures of 

Arabidopsis thaliana AOS, free and in complex with substrate or intermediate analogues. The structures reveal an unusual 
active site poised to control the reactivity of an epoxyallylic radical and its cation by means of interactions with an aromatic 


m-system. Replacing the amino acid involved in these steps by a non-polar residue markedly reduces AOS activity and, 
unexpectedly, is both necessary and sufficient for converting AOS into a GLV biosynthetic enzyme. Furthermore, by 
combining our structural data with bioinformatic and biochemical analyses, we have discovered previously unknown 
hydroperoxide lyase in plant growth-promoting rhizobacteria, AOS in coral, and epoxyalcohol synthase in amphioxus. These 
results indicate that oxylipin biosynthetic genes were present in the last common ancestor of plants and animals, but were 
subsequently lost in all metazoan lineages except Placozoa, Cnidaria and Cephalochordata. 


Oxylipins are bioactive lipids derived from oxygenation of polyunsat- 
urated fatty acids. Both jasmonates'* and GLVs** are representative 
plant oxylipins. Whereas jasmonates are essential for plant develop- 
ment and host immunity’”, GLVs are released to counter biotic and 
abiotic stresses, such as wounding, herbivore attacks and ozone expo- 
sure’. Curiously, jasmonates and animal prostaglandins’*”’ share not- 
able structural and functional properties (Supplementary Figs 1 and 2). 

AOS'*** catalyses the first committed step’? in the synthesis of 
jasmonates, and hydroperoxide lyase (HPL)°*”°*' generates GLVs 
(Fig. 1). Some plants use divinyl ether synthase (DES) to produce 
divinyl ethers**’, which are thought to have a role in host defense. 
AOS, HPL, and DES belong to the cytochrome P450 (P450 or CYP) 
superfamily'®™, which currently has more than 8,700 members dis- 
tributed across all three domains of life. All P450 enzymes are thiolate- 
coordinated haem proteins and most of them function as monooxy- 
genases”’. Although there is <20% sequence identity within the super- 
family, P450s share a common protein fold, as shown by nearly 30 
unique crystal structures of bacterial and human enzymes”*”’. 
However, there is no structural information on plant P450s. 

AOS, HPLand DES are members of the CYP74 family. These unusual 
P450s do not function as monoooxygenases, but instead rearrange fatty 
acid hydroperoxides into structurally different products (Fig. 1). 
Despite four decades of research, several observations concerning 
CYP74 biochemistry and catalysis have remained enigmatic. Here we 
present the crystal structure of A. thaliana AOS (At-AOS, also known as 
CYP74<A) and illustrate how an important new activity evolved. We also 
show that a single substitution changes the product specificity of AOS to 
that of an HPL. Finally, we report that CYP74 enzymes are not confined 
to plants, but also occur in bacteria and animals. 


Overall structure of AOS 


At-AOS adopts the characteristic fold of P450s (Fig. 2a, Supplementary 
Tables 1 and 2, and Supplementary Fig. 3). The membrane-binding 


region can be identified by bound detergent molecules and by its rather 
extensive non-polar surface (~2,400 A’; Fig. 2a and Supplementary 
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Figure 1| Reactions catalysed by the CYP74 enzyme family. In higher 
plants, C,g fatty acids (linoleic and linolenic acids) are oxygenated at either 
position 9 or 13 by lipoxygenases to yield hydroperoxides. Subsequently, 
these are converted by allene oxide synthase (AOS, also known as CYP74A), 
hydroperoxide lyase (HPL, also known as CYP74B) and divinyl ether 
synthase (DES, also known as CYP74D) to allene oxide (an essential 
intermediate in jasmonate biosynthesis), green leaf volatiles (aldehydes) and 
divinyl ethers, respectively. For clarity, only 13-hydroperoxide-derived 
metabolites are shown. 12,13(S)-allene oxide, 12,13S-epoxy-9Z,11,15Z- 
octadecatrienoic acid; 13(S)-HPOT, 13S-hydroperoxyoctadecatrienoic acid; 
a-ketol is the hydrolytic product of the highly unstable allene oxide; 
hemiacetal, hydroxyhexenyloxydodecadienoic acid. 
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Fig. 4a, b). It also harbours the entry point for the 22-A deep substrate 
access channel (Supplementary Fig. 4c). AOS lacks the characteristic 
amino-terminal transmembrane domain of microsomal P450s** and, 
yet, associates very tightly with chloroplastic envelope membranes” 
and plastoglobules*’. A comparison of the crystal structures of At- 
AOS and mammalian CYP2C5 (ref. 28) reveals that both P450s use 
the same macromolecular surface to interact with the membrane 
(Supplementary Fig. 5). 

The haem cofactor of At-AOS is inserted between the I-helix and 
the L-helix and, like classical P450s°”’, its propionate groups interact 
with strictly conserved basic residues through hydrogen bonds 
(Fig. 2b). Haem is in the low-spin state, with Cys 471 and a water 
molecule serving as proximal and distal coordination ligands of 
Fe(1), respectively (Fig. 2b and Supplementary Fig. 6a). However, 
there are three major changes that distinguish At-AOS from all other 
known P450 structures. First, nine residues are inserted into the 
middle of the signature haem-binding loop harbouring the Cys 471 
ligand (Fig. 2c, Supplementary Fig. 6b and Supplementary 
Discussion). This is extraordinary because even a single residue inser- 
tion within this region is not observed in >8,000 P450s. This modi- 
fication, which is preserved in all CYP74 family members, not 
only alters the proximal site topology but also causes extensive 
remodelling of the macromolecular surface essential for redox part- 
ner interactions in typical P450s (Supplementary Fig. 6c). In addi- 
tion, the Fe-S bond length is reproducibly longer (2.4 A versus 2.2 A) 
in the substrate-free state. Second, the kink centred on the second 
glycine of the I-helix (A/G)GxxT motif” in classical P450s is shifted 
by three residues towards the N terminus and is now localized on 


I-helix 


Cys ligand loop 


Figure 2 | Tertiary topology and substrate binding site of AOS. a, Ribbon 
diagram of At-AOS, rainbow-coloured from the N terminus (N-ter, blue) to 
the C terminus (C-ter, red). van der Waals representation (magenta) 
identifies hydrophobic tails of two detergent molecules interacting with F, F’ 
and G helices, which are part of the membrane-associated nonpolar surface. 
Regions above and below the dashed line are facing the membrane and 
cytosol, respectively. b, Close-up view of the haem (red) environment. F, — F, 
simulated annealing omit electron density (contoured at 3c) is shown for 
Asn 321 (green) and two water molecules (wat1 and watz2, blue). 

c, Superposition of structural elements in AOS (green), CYP102A1 (pink, 
PDB ID: 1BVY), CYP3A4 (blue, PDB ID: 1TQN), CYP51 (yellow, PDB ID: 
1EA1) and CYP152B1 (grey, PDB ID: 11ZO). d, Active site configuration. 
F,—F, simulated annealing omit electron density (countoured at 3c) of 
13(S)-HOT (blue). Cyan dotted lines represent hydrogen bonds 
(donor-acceptor distances are in A). 
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Asn 321, positioning the amide group directly above the haem iron 
(4.4 A; Fig. 2b and Supplementary Fig. 6d). Third, Ile 328 substitutes 
for the I-helix Thr that is critical for mediating proton delivery to 
haem-bound dioxygen in conventional P450s**’’. Together, these 
structural modifications preclude monooxygenase activity in AOS. 
Notably, hydroperoxide-using CYP74 may have been an evolution- 
ary intermediate during the transition from H,O, (ref. 31) to O2 as 
oxygen donor in P450 catalysis (Supplementary Figs 7-9 and 
Supplementary Discussion). 


Identifying active site interactions 


To gain insight into the structural basis of substrate recognition, we 
crystallized AOS together with 13(S)-HOT, a close mimic incorp- 
orating OH instead of the OOH group (Supplementary Fig. 10a). The 
structure shows well-defined electron density for both the fatty acid 
and the hydroxy portions of the molecule (Fig. 2d and 
Supplementary Video 1). 13(S)-HOT nicely conforms to the shape 
and physicochemical properties of the AOS active site. Its hydroxyl 
oxygen takes the place of a water molecule (watl, Fig. 2b) in the 
substrate-free structure and interacts with the amide side chain of 
Asn 321 by a hydrogen bond. The carboxyl group engages in hydro- 
gen bonding with Thr 389, and the aliphatic segments maintain 
favourable hydrophobic contacts with neighbouring non-polar side 
chains. This binding mode explains why both diatomic (CO) and 
other axial haem ligands that attempt to coordinate the iron in a 
linear fashion experience difficulties due to the positioning of the 
carboxamide directly above the haem plane. Conversely, the peroxy 
group of the substrate approaches from the side and successfully 
ligates the haem while having a productive interaction with the cata- 
lytic Asn 321. Mutating Asn 321 abolishes >95% of the enzyme activ- 
ity (Supplementary Fig. 10b). 

Next we co-crystallized AOS with 12R,13S-vernolic acid, an analogue 
of the putative epoxyallylic reaction intermediate in AOS catalysis’” 
(Supplementary Fig. 10a). Our structure illustrates that the binding 
mode of 12R,13S-vernolic acid is very similar to that of 13(S)-HOT, 
with C11 residing in proximity to the aromatic face of Phe 137 (Fig. 3a 
and Supplementary Fig. 10c). Furthermore, our sequence analysis 
showed that whereas Phe 137 is strictly conserved in AOS, a Leu takes 
its place in HPL and DES (Supplementary Fig. 10d). Because enzymo- 
logical studies’’ have proposed that C11 is the site of both radical and 
carbocation formation, we hypothesized that removal of the electron- 
rich aromatic ring of Phe 137 would affect catalysis. Consistent with our 
prediction, At-AOS(F137L) is severely compromised in its ability to 
generate allene oxide (Fig. 3b). These observations identify an essential 
role for Phe 137. It is poised to stabilize the carbon-centred radical and 
to interact with the incipient carbocation by means of cation—m inter- 
actions (Supplementary Discussion). 


Single point mutation confers HPL activity to AOS 


We reasoned that, if the inability to stabilize a carbon-centred radical 
at C11 is the sole reason for loss of AOS activity, then the F137L 
mutant is likely to have altered product specificity. To test this, we 
probed for HPL and DES metabolites and found that At- 
AOS(F137L) exhibits robust HPL activity (Fig. 3b). However, DES 
products were not detected. To evaluate the molecular consequences 
of this mutation, we solved the structure of At-AOS(F137L) in com- 
plex with 12R,13S-vernolic acid (Fig. 3c and Supplementary Video 2) 
or with 13(S)-HOD (Supplementary Fig. 1la—d). The binding mode 
of both compounds is quite similar to that in the wild-type enzyme 
(Supplementary Fig. 11c, d). Notably, Phe has a bulkier side chain 
compared to Leu, but it is >5A away from the haem iron 
(Supplementary Fig. 1le), and therefore it is incapable of altering 
the reaction mechanism by means of steric effects. 

Because our homology model of tomato HPL (Fig. 3c, grey overlay) 
and bioinformatic analysis showed that Ser 155 is substituted by an 
Ala in HPL (Supplementary Fig. 10d), we constructed the double 
mutant At-AOS(F137L,S155A) and found it to exhibit even stronger 
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HPL activity. It converted the hydroperoxides 13(S)-HPOD, 13(S)- 
HPOT, 9(S)-HPOD and 11(S)-HPHT into the corresponding HPL 
products to a varying extent (Supplementary Fig. 12). Concerning the 
two first-mentioned hydroperoxides, 13(S)-HPOT gave a lower ratio 
of HPL/AOS products (approximately 25:75) than did 13(S)-HPOD 
(approximately 85:15). Structural analysis of the enzyme-bound 
13(S)-HOT reveals that the C15 double bond is 3.3A away from 
C11, and it seems possible that the diminished effect of the F137L 
substitution on the formation of HPL products in the 13(S)-HPOT 
case can be attributed to a Phe-137-independent stabilization of the 
epoxyallylic intermediate by means of anchimeric assistance by 1 
electrons from the C15=C16 double bond (Supplementary Fig. 13). 

We also demonstrate that AOS to HPL conversion works across 
evolutionary boundaries. Although the eudicot (Arabidopsis) and 
monocot (Oryza sativa) branches of angiosperms diverged 140-180 
million years ago”, introduction of F92L substitution into one of the 
two AOS genes found in rice (Supplementary Fig. 10d) readily 
changes product specificity (Supplementary Figs 14 and 15, and 
Supplementary Table 3). 

Overall, we have established that AOS sandwiches C11 in between 
two 7 systems to ensure that 13(S)-HPOT, the only substrate that will 
yield jasmonates, is efficiently converted to allene oxide. Conversely, 
the HPL active site facilitates radical rearrangement by excluding a 
strategically positioned aromatic residue in the vicinity of Cll 
(Supplementary Discussion). 


Structural mechanism for CYP74 catalysis 


In both AOS and HPL, the terminal hydroperoxide oxygen of the 
substrate coordinates the ferric haem iron (2) (Fig. 4) after displacing 
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Figure 3 | Structural basis for evolving HPL activity from the AOS scaffold. 
a, At-AOS complexed with the reaction intermediate analogue (—)-vernolic 
acid (yellow). b, At-AOS(F137L) exhibits HPL activity. Recombinant wild- 
type and AOS(F137L) (0.2—4 uM) were stirred with 13(S)-HPOD (200 11M) at 
23 °C for 15 min. After derivatization, product profiles were determined using 
gas chromatography—mass spectrometry (GC-MS) analysis with authentic 
compounds serving as references. The top panel shows At-AOS catalysed 
conversion to a-ketol (13-hydroxy-12-oxo0-9Z-octadecenoic acid, m/z 412), 
the hydrolytic product of allene oxide. AOS(F137L) yielded 12-oxo-9Z- 
dodecenoic acid (C12-aldehyde, m/z 224), the product of HPL catalysis, as the 
major component (bottom panel). c, At-AOS(F137L) bound to (—)-vernolic 
acid (yellow) reveals the catalytic site structure of HPL. F,—F, simulated 
annealing omit electron density, contoured at 3a, is shown in blue for the 
ligand. The homology model of tomato HPL (grey) is superimposed. 
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two bound water molecules (wat1 and wat2; see (1) and Fig. 2b) from 
the active site. With electrostatic assistance from a carboxamide 
(Supplementary Discussion), O—O homolysis** ensues, giving rise 
to an alkoxyl radical (RO*) and a protonated ferryl species 
(S—Fe(1v)—OH) (3) (Fig. 4). RO’, while maintaining a hydrogen 
bond with the amide, adds to a proximate double bond 
(C11=C12) to generate an epoxide and a carbon-centred radical 
(C*) at Cll (4). Hydrogen bonding to RO* will favour cyclization 
over allylic hydrogen abstraction (Supplementary Discussion). The 
two mechanisms diverge at this stage. In the case of AOS, oxidation of 
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Figure 4 | Proposed reaction paths for AOS and HPL on the basis of the 
current structural and enzymological studies'’*""”?". The intermediate 
epoxyallylic radical formed in step 4 can either undergo one electron 
oxidation followed by proton loss (AOS) or oxygen rebound (HPL). The 
structure of the peroxide substrate is abbreviated to highlight the region 
undergoing chemical transformation. For clarity, the Fe-S bond between the 
haem iron and Cys 471 is only shown in step 1. It remains intact throughout 
the catalytic cycle. Hydrogen bonds are illustrated with blue dashed lines. 
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C* by S—Fe(1v) —OH (5, left) is made possible by Phe 137, which also 
stabilizes the incipient carbocation (C*) (at C11; 6, left) by means of 
cation—1 interactions. On B-proton elimination, a C=C bond is 
introduced adjacent to the epoxide, and allene oxide is generated 
(Supplementary Discussion). In the case of HPL there are two fun- 
damental differences. First, electron transfer does not occur owing to 
difficulty in stabilizing the radical at this position. Consequently, the 
epoxycarbinyl radical undergoes C-C scission™, yielding a radical at 
C13 that is able to oxygen rebound (iron-catalysed oxygen transfer 
involving radical recombination) (5, right) given the proximity to the 
ferryl centre (3.3 A; Supplementary Fig. 1le). Second, the lack of a 
Phe 137 equivalent in HPL (5, right) prevents a carbocation inter- 
mediate from being adequately enriched or stabilized at C11. These 
conditions promote the formation of an unstable hemiacetal*', which 
spontaneously dissociates into short-chain aldehydes (6, right). In 
the case of DES, subtle alterations (Supplementary Fig. 16) may be 
sufficient for disabling oxygen rebound in favour of stereospecific 
hydrogen abstraction” by the protonated ferryl centre. 

Although the CYP74 enzymes have evolved by precluding mono- 
oxygenation chemistry, they have used remarkable strategies to utilize 
the peroxide shunt pathway”? and to exquisitely control the reactivity 
of catalytic intermediates for achieving product specificity. 
Nevertheless, our structural mechanism has both similarities and dif- 
ferences with the consensus hydroxylation mechanism of P450 mono- 
oxygenases*’. The protonated ferryl centre, S—Fe(1v)—OH (3), is a 
common intermediate in both systems. In the case of CYP74, a nine- 
residue insertion in the proximal Cys loop contributes significantly to 
diminishing the donor strength of the thiolate (Fig. 2c), favouring the 
generation of S—Fe(1v)—OH complex that can readily participate in 
electron transfer (AOS) or oxygen rebound (HPL). Conversely, for 
P450 monooxygenases”’, robust electron donation (push) from the 
proximal thiolate to the haem iron allows the ferryl-porphyrin cation 
radical (S—Fe(1v)=O + ¢) to abstract a hydrogen atom from the sub- 
strate. The highly reactive S—Fe(1v)—OH (pK, > 8.2) generated goes 
on to hydroxylate the substrate radical (Supplementary Discussion). 
The strong push effect of the thiolate also prevents S—Fe(1v) -OH 
from serving as a good electron acceptor”. 

Finally, we sought to compare the active sites of CYP74 and coral 
catalase-like AOS (cAOS)***? because of their ability to catalyse equi- 
valent reactions (Supplementary Figs | and 17). We found that both 
systems control the reactivity of their haem cofactor in different ways 
to achieve the same end point (Supplementary Discussion). 


Evolutionary history of oxylipin biosynthetic enzymes 


On the one hand, cAOS has been found only in corals**“° and in a 
cyanobacterium"! as a haem protein that is carboxy-terminally fused 
to a lipoxygenase (CAOS—-LOX). On the other, the CYP74 family is 
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thought to be a plant invention*’ because it has not been identified 
outside of angiosperms and moss™. These observations raise three 
important questions. Is CYP74 unique to Plantae? Are these two allene 
oxide-generating protein families mutually exclusive in the same organ- 
ism? And, could they have evolved independently and simultaneously? 

Because several groups'** have failed to detect CYP74 in animals by 
means of homology-based polymerase chain reaction cloning, we 
took a structure-guided approach. By combining insights from At- 
AOS structure with multiple sequence alignments, we generated 
three unique motifs (Supplementary Table 4) for probing genome 
databases. Our search yielded more than 25 potential hits in marine 
invertebrates and 2 in rhizobacteria (Supplementary Fig. 18). Most of 
them show less than 30% sequence identity with the plant CYP74 
family and fall short of the 40% identity required for being classified 
as bona fide CYP74 under the current P450 nomenclature system. 
However, they all retain the characteristic nine-residue insert in the 
proximal Cys loop, the amino acid makeup of which is notably similar 
to that found in plant CYP74 (Supplementary Figs 19 and 20). Next, 
we cloned and _ overexpressed CYP74-like proteins from 
Methylobacterium nodulans (Mn), Acropora palmata (Ap; Elkhorn 
coral) and Branchiostoma floridae (Bf; amphioxus) (Supplementary 
Figs 21-23). Mn-CYP74 and Ap-CYP74 show HPL and AOS activities, 
respectively (Fig. 5). Bf-CYP74 exhibits previously unknown epoxyal- 
cohol synthase (EAS) activity by transforming the naturally occurring 
13S-HPOD into a cis-epoxide product (Fig. 5). This is distinct from 
flaxseed AOS-catalysed’” conversion of an unnatural fatty acid hydro- 
peroxide into an epoxyalcohol, where a trans-epoxide is generated. 
Although our homology models (Supplementary Fig. 24) show that 
the catalytic Phe is found in all three cases, we can surmise from the 
product profiles that it is suitably oriented for stabilizing the reaction 
intermediates only in Ap-AOS and Bf-EAS. The aromatic m-cloud is 
not in a position to influence the reaction path in Mn-HPL. This may 
also be the case with HPL from moss (Supplementary Fig. 18), which 
diverged from angiosperms over 400 million years ago*’. Thus, it is 
possible that an ancestral CYP74 may have functioned as a HPL before 
gene duplication and neofunctionalization. 

Next, we examined the genetic context of CYP74 and uncovered five 
remarkable features. First, there are multiple CYP74 genes in animals. 
Amphioxus has 20, whereas Nematostella has just 2 (Fig. 6). This is also 
true in plants; grapevine and Arabidopsis encode 6 and 2 genes, respect- 
ively. Second, animal CYP74 genes contain numerous introns 
(Supplementary Table 5). In contrast, most of the plant CYP74 genes 
are intronless. Third, sea anemone and Trichoplax CYP74 genes pro- 
pagate as tandem arrays (Supplementary Fig. 25). By querying the 
plant genomes, we discovered that grapevine, poplar and rice CYP74 
genes also do the same. Fourth, a LH2 domain is appended to the C 
terminus of some amphioxus CYP74, such as Bf-EAS (Supplementary 
Fig. 26). This domain is also located in cAOS—LOX, between the cAOS 


. 1,200 4 
| CO,H | CO,H : CO,H 
1,600 + | 2 f 2' | bias 2 
| CHO aS | 
> | O 
51,200 4 B08 
6 C12-aldehyde oO OH Epoxyalcohol 
2 | | 
& 800 5 a-Ketol 
Oo | 400 4 
= 
400 4 | 
(0) out! Natalia act Mitac lic ad adilase 0 fittest cil ; ¥ h Md Naudptad Mal 
0 10 20 30 20 30 0 10 20 30 
Time (min) Time (min) Time (min) 


Figure 5 | Discovery of CYP74 in bacteria and animals. Recombinant 
CYP74 proteins from M. nodulans (left panel), A. palmata (middle panel) 
and B. floridae (right panel) were incubated with [1-'*C]13(S)-HPOD 

(200 uM) at 23 °C for 15 min. After derivatization, radio-HPLC was used to 
quantify product formation. M. nodulans and A. palmata enzymes generated 
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C12-aldehyde and «-ketol, respectively. Peaks marked by an asterisk 
correspond to the syn/anti isomers of «-ketol. B. floridae CYP74 catalysed 
the formation of epoxyalcohol (12R,13S-epoxy-11S-hydroxy-9Z- 
octadecenoic acid). The latter is the 11S-hydroxy derivative of (—)-vernolic 
acid, whose mode of interaction with At-AOS is shown in Fig. 3a. 
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and LOX coding regions (see below). Fifth, Mn-HPL is N-terminally 
fused to a cyclooxygenase-like (COX-like) gene (Supplementary Figs 
27-29 and Supplementary Discussion). 

Weinvestigated whether CYP74 and cAOS-LOX coexist. We iden- 
tified both genes in cnidarians and cephalochordates (Fig. 6 and 
Supplementary Figs 30 and 31). Of the four cAOS—-LOX paralogues 
found in the latter, one resembles the Anabaena enzyme (His 
ligand)*', another is similar to coral cAOS (Tyr ligand)** and the 
remaining two are new. We also obtained evidence to suggest that 
cAOS-LOX arose from a gene fusion event. In Plesiocystis pacifica, 
cAOS and LOX are encoded by two separate genes that form an 
operon (Supplementary Fig. 31). Because a long-chain polyunsa- 
turated fatty acid (C20:4) is produced by this marine myxobacterium 
(Supplementary Discussion), it may serve as the substrate for gener- 
ating allene oxide. Although we could not find an allene oxide cyclase 
(AOC) (Supplementary Fig. 1) orthologue in P. pacifica, we located it 
in other myxobacteria, including in Stigmatella aurantiaca 
(Supplementary Figs 32 and 33). However, the latter does not encode 
CYP74 genes. 

Together, our phylogenetic analysis indicates that CYP74 was pre- 
sent in the last common ancestor of plants and animals (Fig. 6). CYP74 
genes persist in plants and in basal extant animals, including 
Trichoplax, corals, hydra and sea anemone. Even though they experi- 
enced considerable expansion in the most basal chordate (amphioxus), 
they were lost in vertebrates and their closest invertebrate relatives 
(tunicates). The propagation of these genes as multiple-copy clusters 
also suggests that a duplication event may have occurred in the ances- 
tral CYP74 before the divergence of plants and animals 
(Supplementary Discussion). The coexistence of cAOS-LOX and 
CYP74 has been preserved in the cnidarian and cephalochordate 
lineages, but was eliminated during placozoan evolution. This illus- 
trates that both genes were present in an animal before the cnidarian— 
bilaterian split’, which occurred approximately 600 million years ago. 

What is the physiological significance of CYP74 activity in bacteria 
and animals? This is the first time a GLV biosynthetic enzyme has 
been found in bacteria. Because Methylobacterium strains contribute 
to enhancing the flavour of strawberries”, our discovery of Mn-HPL 
has direct implications for understanding how plant-growth- 
promoting rhizobacteria***’ mediate their actions. Notably, M. 
nodulans is a root-nodule-forming and nitrogen-fixing symbiont of 
Crotalaria species**, the methylotrophic metabolism of which has 
been shown to promote optimal plant growth”. At this time, we 
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Figure 6 | Common ancestry of oxylipin 
biosynthetic enzymes. Lineage-specific 
expansion of CYP74, cAOS-LOX and AOC genes 
is shown (left panel). CYP74 collectively refers to 
fatty-acid-hydroperoxide-metabolizing non- 
monooxygenase cytochrome P450 family 
members that incorporate both a nine-residue 
insert in the proximal Cys ligand loop and the 
active site residues of At-AOS. There are 20 
CYP74 genes in amphioxus, but only 4 that 
encode cAOS-LOX (right panel). A zero 
indicates that the gene was not found in the 
specified organism. An asterisk denotes the 
ability to biosynthesize jasmonic acid, but we 
have been unable to locate CYP74 or AOC genes 
in the available rhodophyte and fungal genomes 
(Supplementary Discussion). LECA, last 
eukaryotic common ancestor. 
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are unable to establish whether bacterial HPL was acquired by means 
of horizontal gene transfer from plants (Supplementary Discussion). 
Where animals are concerned, coexistence of cCAOS—LOX and AOS in 
Acropora suggests that they are part of different biosynthetic path- 
ways. Also, the catalytic activity of Bf-EAS is reminiscent of epoxyal- 
cohol formation from arachidonic acid by means of the 12R-LOX-— 
eLOX3 pathway”? in mammals. Related to this, we have established 
that C18 polyunsaturated fatty acids are abundant in amphioxus 
(Supplementary Table 6). Therefore, substrate availability is not an 
issue for the animal CYP74 enzymes. More interestingly, we have 
identified a leukotriene A4 hydrolase orthologue in animals that 
harbour CYP74 genes (Supplementary Fig. 34 and Supplementary 
Discussion). This lends additional support for fatty acid epoxide 
metabolism in marine invertebrates. 

This paper explains how unusual cytochrome P450 enzymes con- 
vert fatty acid hydroperoxides into a broad spectrum of molecules 
that have beneficial applications in agriculture and medicine. It pro- 
vides essential information for genetically modifying GLV biosyn- 
thesis to, among other things, enhance crop plants’ resistance against 
biotic and abiotic stresses, fine-tune bitterness intensity in virgin 
olive oils, alter floral, fruit and vegetable flavours, and dissect plant 
volatile signalling mechanisms (Supplementary Discussion). In addi- 
tion, it opens new vistas for understanding how biofertilizers work, as 
well as for exploring the biological functions of products derived 
from animal CYP74 enzymes. 


METHODS SUMMARY 


The At-AOS structure was determined by multiwavelength anomalous disper- 
sion methods using selenomethionine-labelled protein. Difference Fourier tech- 
niques were used to solve the structures of the mutants as well as the complexes. 
Product formation in enzyme-catalysed reactions was assessed by gas-chromato- 
graphy/mass spectrometry and radio-HPLC. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Protein expression and purification. We used the Johnson—Waterman 
method**™ to overproduce all the cytochromes P450 and their variants described 
in this work. AOS gene was PCR-amplified using A. thaliana and O. sativa cDNA 
libraries (gift from K. W. Backand D. S. Park) as templates. Lycopersicon esculentum 
(tomato) HPL cDNA was a gift from K. Matsui. For overexpression of At-AOS 
(Genbank accession number: Q96242) in E. coli, we generated an insert that lacks 
the first 32 residues, encompassing the chloroplast targeting peptide’’. We also 
added seven residues (MAKKTSS) to the N terminus for improving protein solu- 
bility and a C-terminal tetra-histidine tag to facilitate purification. O. sativa (rice) 
AOS (Genbank accession number: AAL17675) and L. esculentum HPL (Genbank 
accession number: AAF67142) amplicons were generated in the same manner, but 
with the exception that only 21 N-terminal residues were removed. Bacterial and 
animal CYP74 orthologues were overproduced with intact N-termini. 
Methylobacterium nodulans HPL was PCR amplified from bacterial cells provided 
by C. Marx and L. Moulin. Branchiostoma floridae EAS was PCR amplified using 
cDNA library” (gift from L. Holland and J. Langeland) as the template. This insert 
includes the C-terminal LH2 domain. An expressed sequence tag (GENBANK 
accession number: DR983439; EST name: JGI_LAOKF1116.fwd; gift from M. 
Medina) was used to clone Acropora palmata AOS. All inserts were ligated into 
the pCW,,:+ vector (gift of L. Roman and B. S. Masters), sequence verified (Lone 
Star Labs), and transformed into Escherichia coli BL21(DE3) cells. Post induction, 
the cells were harvested and the lysate was used in subsequent purification steps. 
The choice of detergent was empirically determined by means of screening and 
optimization. We adapted the Johnson method” to purify the P450s in three steps: 
(1) affinity chromatography (Ni-NTA, Qiagen) in the presence of 0.6-1% n-octyl- 
B-p-glucopyranoside (Anatrace); (2) ion exchange chromatography; and (3) gel 
filtration (Superdex 200 16/60; GE HealthCare). Haem content was assessed by 
means of pyridine hemochrome measurements”. Labelled protein was purified in a 
similar manner except that the cells were grown in minimal media supplemented 
with selenomethionine. Before crystallization At-AOS was detergent exchanged 
into nonanoyl-N-hydroxyethylglucamide (HEGA-9). 

S. aurantiaca allene oxide cyclase (AOC) was PCR amplified from genomic 

DNA (gift from R. Miiller). For overproduction and purification, we adapted 
methods described for Arabidopsis AOC”. 
Activity measurements. AOS, HPL and their variants (0.2-4 uM) were incu- 
bated with hydroperoxides (200 uM) at 23°C for 15 min. Part of the reaction 
product was treated with 3 vol of 30 mM O-methylhydroxylamine in methanol 
at 23°C for 2h to generate O-methyloxime derivatives of short-chain aldehydes 
and other carbonyl-containing oxylipins. Additional derivatization of products 
extracted with diethyl ether was performed by consecutive treatments with 
ethereal diazomethane and a 2:1:2 (vol/vol/vol) mixture of trimethylchlorosi- 
lane, hexamethyldisilazane and pyridine to generate methyl esters from car- 
boxylic acids and trimethylsilyl ethers from alcohols, respectively. As a 
control, hydroperoxides were also incubated with preparations of native maize 
AOS”, garlic DES® and guava HPL". 

Oxylipin profiles generated from the incubation of hydroperoxides with CYP74 
enzymes were determined by GC-MS analysis run in the scan mode (m/z 50-600) 
and using the authentic compounds as references (Lipidox Co.). The selected ion 
monitoring (sim) mode was used for sensitive and specific detection. For analysis 
of oxylipins the following ions and compounds were used. 13-HPOD-derived 
products: m/z 412, 13-hydroxy-12-oxo0-9(Z)-octradecenoic acid (AOS); m/z 
308, etheroleic acid (DES); m/z 224, 12-oxo-9(Z)-dodecenoic acid (HPL). 
9-HPOD-derived products: m/z 412, 9-hydroxy-10-oxo-12(Z)-octadecenoic acid 
(AOS); m/z 308, colneleic acid (DES); m/z 184 and 152, 9-oxononanoic acid 
(HPL). 13-HPOT-derived products: m/z 410, 13-hydroxy-12-oxo-9 
(Z),15(Z)-octadecadienoic acid (AOS); m/z 306, 12-oxophytodienoic acid 
(AOS); m/z 306, etherolenic acid (DES); m/z 224, 12-oxo-9(Z)-dodecenoic acid 
(HPL). 11-HPHT-derived products: m/z 382, 11-hydroxy-10-oxo-7(Z),13(Z)- 
hexadecadienoic acid; m/z 278, dinor-12-oxophytodienoic acid (AOS); m/z 278, 
dinor-etherolenic acid (DES); and m/z 196, 10-oxo-7(Z)-decenoic acid (HPL). 
The abundance of products generated in the various incubations was estimated by 
integration of the intensities of mass spectral ions. 

Oxylipin production by recombinant CYP74 enzymes from M. nodulans, A. 
palmata and B. floridae was measured by radio-HPLC methods. Initially, 0.2- 
4 uM of the enzyme was incubated with (1-'*C]13(S)-HPOD (200 pM) at 23°C 
for 15 min. This was followed by derivatization of carbonyl groups with 30 mM 
O-methyl hydroxylamine in methanol at room temperature (23 °C) for 2h. After 
solvent extraction and methyl-esterification, normal phase HPLC was performed 
using 0.6% 2-propanol-hexane (0-15 min) and 1.2% 2-propanol-hexane (15- 
35 min) for elution. 

Enzyme kinetics. Hydroperoxide consumption by AOS and its mutants was 
quantified using ultraviolet spectrophotometry®”, by following the decrease in 


nature 


absorption at 235 nm stemming from the loss of conjugated diene system of the 
substrate. Reactions were performed at 23 °C in 0.5 ml of 50 mM sodium phos- 
phate buffer, pH 7. Initial velocity measurements used fixed enzyme concentra- 
tion (wild-type AOS, 6 nM; Phe to Leu mutants, 1.5 nM; and At-AOS(N321Q), 
30nM) while varying the 13(S)-HPOD concentration. Activity slopes were 
obtained under initial velocity conditions, in which less than 10% of the sub- 
strate has been converted into product. 

Crystallization and data collection. Crystals were obtained by the sitting-drop 
vapour diffusion method at 20°C. At-AOS crystals were grown from 100 mM 
Tris-HCl, pH 7.5, 15-20% polyethylene glycol (PEG) 3350, and 39 mM HEGA- 
9. Substrate and intermediate analogues were premixed with the protein solution 
before generating crystals of the complexes. Streak seeding was used to grow 
crystals of AOS variants. 

Because X-rays are capable of reducing the haem iron during data collection”, 
we have used three distinct strategies for minimizing X-ray damage to crystals: 
(1) use a data collection strategy that generates a complete diffraction data set 
from a single crystal with the least amount of X-ray exposure (for example, in the 
At-AOS case we were able to collect the entire data set within 2 min with each 
frame being exposed for only 0.5 s; total dose received = 3.8 X 10° grey or 2% of 
Henderson limit); (2) perform data collection at a shorter wavelength (below 
0.83 A)**; (3) use single crystals that were co-crystallized in the presence of 
10 mM potassium ferricyanide”. Visible absorption spectra of At-AOS crystals 
were obtained using a microspectrophotometer setup (4DXray Systems) 
adapted for use at the Stanford Synchrotron Radiation Laboratories. 

Diffraction data were collected (100 K) at SSRL BL 9-2, BL 11-1, and ALS BL 

8.3.1, BL 8.2.1 and BL 8.2.2. Glycerol was used as the cryoprotectant. Single 
wavelength anomalous diffraction and multiwavelength anomalous diffraction 
data sets were collected at the iron and selenium edges (Supplementary Tables 1 
and 2). Data were integrated and scaled with MOSFLM*/SCALA” or HKL2000 
(ref. 68). 
Structure determination and refinement. Se-MAD data was used to obtain 
phase information. SHELXS® was used to locate the anomalous scatterers 
(16 Se). Refinement of heavy-atom parameters and phase calculation were done 
using SHARP”. Solvent flattening with SOLOMON”! and phase extension 
yielded electron density maps into which most residues were built with the 
program O”*. The model was further refined with REFMACS (ref. 73) using a 
maximum-likelihood target function and translation/libration/screw refine- 
ment”*. Subsequent model building allowed us to generate the complete model 
(Supplementary Tables 1 and 2). Structures of ligand-bound complexes were 
obtained by means of difference Fourier methods. Figures were generated using 
PYMOL”. 
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A periodicity of ~1hour in X-ray emission from the 
active galaxy RE J1034+396 


Marek Gierlifski', Matthew Middleton', Martin Ward’ & Chris Done! 


Active galactic nuclei and quasars are thought to be scaled-up 
versions of Galactic black hole binaries, powered by accretion onto 
supermassive black holes with masses of 10°-10? Mo, as opposed 
to the ~10 M~ in binaries (here Mz- is the solar mass). One 
example of the similarities between these two types of systems is 
the characteristic rapid X-ray variability seen from the accretion 
flow'. The power spectrum of this variability in black hole binaries 
consists of a broad noise with multiple quasi-periodic oscillations 
superimposed on it. Although the broad noise component has 
been observed in many active galactic nuclei*’, there have hitherto 
been no significant detections of quasi-periodic oscillations*®. 
Here we report the discovery of an ~1-hour X-ray periodicity in 
a bright active galaxy, RE J1034+396. The signal is highly statis- 
tically significant (at the 5.60 level) and very coherent, with quality 
factor Q> 16. The X-ray modulation arises from the direct vicinity 
of the black hole. 

RE J1034+396 (also known as KUG 1031+398) is a nearby (red- 
shift z= 0.042) active galaxy, spectroscopically classified as a narrow- 
line Seyfert 1 (NLS1). These objects have strong emission lines pro- 
duced by high-density gas ionized by the ultraviolet and X-ray radi- 
ation from the accretion flow. These lines are rather narrow 
compared to the velocity widths seen in more typical broad-line 
active galactic nuclei (AGN). This fact, together with other evidence, 
has led to the suggestion that they host supermassive black holes that 
are less massive than those inferred in a typical AGN of similar 
luminosity’. 

From a long (91 ks) observation using the X-ray satellite XMM- 
Newton, we extracted a light curve for RE J1034+396 (Fig. 1) over 
the energy band 0.3—-10 keV. Even by eye it shows an evident periodic 
oscillation. To test more rigorously for the presence of a periodic 
signal, we folded the light curve with various trial periods and ana- 
lysed the root-mean-square (r.m.s.) amplitude of the resulting pulse 
profile as a function of the period. We found a strong peak at 
3,730 = 130s (full-width at half-maximum). We used the best-fitting 
period to plot the expected times of minima in Fig. 1 (dotted vertical 
lines). This shows that the periodicity changes its character at around 
tf = 25ks. After that time, the troughs in the light curve follow the 
predicted minima very well, for almost 16 cycles, indicating a highly 
coherent signal, but before tf) the troughs are shifted in phase and 
there are occasional additional minima. This shows that the feature is 
not a true periodicity, but that it wanders in phase, amplitude and/or 
frequency, as seen in the quasi-periodic oscillations (QPOs) in black 
hole binaries (BHBs)*. Hence, we will refer to this signal as a QPO. 

We concentrate first on the coherent part of the light curve (seg- 
ment 2 in Fig. 1). Figure 2 shows this light curve segment folded with 
the best-fitting period, and Fig. 3 shows its periodogram with a strong 
peak at ~2.7 X 10°-*Hz. In order to quantify the statistical signifi- 
cance of the peak, we adopt the method proposed’ to test the signifi- 
cance of periodicities against an underlying continuum. This method 


involves dividing the periodogram by the best-fitting power law and 
using the known distribution of the periodogram ordinates to estim- 
ate the likelihood of observing a given peak. The confidence limits 
(30 and 99.99%) shown in Fig. 3 are calculated including the uncer- 
tainties in the power-law model. The QPO is well above these limits, 
with a chance probability of a spurious signal of 2 x 10~* (corres- 
ponding to the ~5.6e significance level). Even in the total light curve, 
including segment 1, which has less obvious periodicity, the signal is 
still significant at the ~3.4¢ level. 

This method assumes that the underlying continuum has a power- 
law shape, but there can be breaks in this continuum, changing the 
derived significance of the QPO. We tested this with Monte Carlo 
simulations, generating a series of light curves following a given 
power spectral distribution'®. The simulated light curves had the 
same number of bins, mean count rate and variance as the observed 
light curve. We then calculated periodograms for each of them, and 
found the power corresponding to the upper 3o limit in each fre- 
quency channel (the maximum significance in this method is 3.80 
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Figure 1| XMM-Newton light curve of RE J1034+396. The start time of 
this observation was 2007 May 31, 20:10:12 utc. We extracted source and 
background light curves from the PN, MOS1 and MOS2 cameras in the 
0.3-10 keV energy band, using 45-arcsec circular selection regions and 
rejecting the final ~7 ks owing to background flares. We then combined the 
data from all cameras. This gave a mean count rate of 5.9 + 0.6 and 

0.04 + 0.08 (s.d.) countss ' for the net and background light curves, 
respectively. The data points, binned in 100-s intervals, are plotted in grey; 
error bars, +1 s.d. The thick black curve represents the running average over 
9 bins around a given bin and shows clear periodicity. The dotted vertical 
lines show the expected times of minima obtained from folding segment 2 
with the period of 3,733 s. In this Letter we mainly analyse segment 2, which 
shows a periodicity with high coherence. It contains 593 contiguous 100 s 
bins, and almost 16 full cycles of the periodic signal. The fractional r.m.s. 
variability (in terms of excess variance’') in this segment is 9.2 + 0.2%. 
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Figure 2 | Folded light curve. We folded the part of the light curve with 
significant periodicity (segment 2 in Fig. 1) with the period of 3,733 s. Errors 
are propagated from the unfolded light curve, and represent 1 s.d. Two cycles 
are plotted for clarity. The solid line represents the best-fitting sinusoid, the 
dotted line the mean count rate. The amplitude of the sinusoid is ~6.7% of 
the mean, which corresponds to ~4.7% of the fractional r.m.s. variability in 
the pulse profile. 


owing to the limited number of simulated light curves). The results 
for a single power-law distribution with the index taken from the best 
fit to our data (with index uncertainties taken into account) are 
comparable to the analytical limits shown in Fig. 3, as expected. A 
broken power law with indices — 1 and —2 below and above the break 
frequency of 2.7 X 10-*Hz, respectively, decreases the confidence 
limits around the break, but the QPO remains highly significant 
(>3.80). Therefore, we conclude that the observed signal at 
~2.7 X 10° * Hz in RE J1034+396 is significant at a very high stat- 
istical level, irrespective of the assumed model for the continuum 
power. 

The QPO lies within just one frequency bin of the periodogram, 
which makes it highly coherent, with a quality factor Q= flAf> 16, 
where f and Af are the bin frequency and width, respectively. The 
r.m.s. fractional variability in the QPO is ~4.7% in the 0.3-10 keV 
energy band, which constitutes about half of the r.m.s. variability in 
the light curve. The strength of the QPO depends significantly on 
energy, increasing from ~2% in the 0.2-0.3keV band to ~10% 
above 1 keV. There is a time lag of ~260 s in the QPO phase between 
the 2-10 and 0.3-0.4 keV energy bands (softer X-rays lagging behind 
harder X-rays). 

This is the first time that such a strong QPO has been convincingly 
found in the X-ray light curve of any AGN. Earlier claims all failed a 
more stringent statistical analysis**, such as that used here. The only 
exception was that claimed for NGC 6814, which turned out to be 
from a Galactic cataclysmic variable along the line of sight’. 
However, XMM-Newton is an imaging instrument and has a posi- 
tional accuracy of ~2-3 arcsec, so considering that the number of 
X-ray-detected cataclysmic variables is ~ 100 (ref. 12), the probability 
of a chance superposition with the AGN is vanishingly small 
(<10 °). We therefore conclude that the X-ray source is associated 
with the galaxy. Furthermore, its X-ray luminosity (4 X 10° erg s~! 
in the 0.3-10 keV band) is then too bright for an ultra-luminous 
binary X-ray source, which have luminosities below ~10*! ergs !. 
Therefore it must originate from the AGN. 

The black hole mass in RE J1034+396 is not well determined, and 
different methods of measurement give conflicting results'’. The 
virial mass derived from the HB emission line velocity dispersion 
in the broad-line region" is 6.3 X 10° Mo, and differs significantly 
from an estimate of 3.6 X 10’ Me obtained using [O 11] as a proxy 
for the stellar velocity dispersion in the bulge’*. On the other hand, if 
the mass—velocity dispersion relation in NLS1s'° differs from that in 
broad-line galaxies, then the latter mass measurement may be 
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Figure 3 | Power spectral distribution. a, Power spectrum (296 data bins), 
I(f), where I is the power and fis the frequency, normalized to (r.m.s./mean)” 
per Hz, calculated from segment 2 of the light curve (Fig. 1). The solid line is 
the de-biased” best-fitting (least squares method) power law, P(f), with 
index —1.35 + 0.18. The fit excluded the data above 10 * Hz, dominated by 
the white noise. We checked that a particular choice of the cut-off did not 
affect the significance of the peak. The dashed curves represent the 
uncertainty in the power-law model. The dotted horizontal line shows the 
expected level of the Poissonian noise. If P(f) represents the true power 
distribution (which is our null hypothesis), then the quantity 21(f)/P(f) is 
scattered with a 7’ distribution with two degrees of freedom?”. The 
Kolmogorov—Smirnov test returned the P value of ~84%, so the null 
hypothesis is not rejected at the significance level of, for example, 5%. This 
shows that a single power law is a good description of the underlying noise 
process. We also confirm this by Monte Carlo simulations, which allow us to 
estimate 1 s.d. errors in each frequency channel and calculate 7? = 68.4 at 58 
degrees of freedom. We use the 7’ distribution of 21(f)/P(f) to calculate the 
confidence limits on the suspected periodic signal. b, Plot of 21(f)/P(f) 
together with 30 (99.73%) and 99.99% confidence limits. The same 
confidence limits are also plotted in a. We see that the periodic signal at 
~2.7 X 10*Hz is very strong, significant at a level in excess of 99.99% (the 
actual significance level is ~5.6c). The significances are global, that is, 
corrected for the number of frequencies tested. This result is confirmed by 
Monte Carlo simulations. The periodic signal is also highly significant in the 
individual light curves extracted from each separate X-ray camera. 


overestimated. Our observed periodicity, if it is related to the 
Keplerian period of the innermost circular stable orbit, would corre- 
spond to a central mass of between 8 X 10° and 9 X 10’ Mo, for a 
non-rotating and maximally rotating black hole, respectively. 
Galactic BHBs show a huge variety of QPOs, differing in fre- 
quency, power and coherence’’. Generally, they can be divided into 
the low- and high-frequency QPOs, with frequencies <50 and 
>100 Hz, respectively. The strongest and most coherent low-fre- 
quency QPOs are typically seen at frequencies <10 Hz, which, when 
scaled to the frequency of 2.7 10 * Hz reported here, would imply 
a black hole mass of less than ~4 X 10° Mo in REJ1034+396. Given 
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the observed bolometric luminosity (dominated by the soft X-ray/far 
ultraviolet component) of ~5 X 10“ergs', such a low mass 
requires that the system be radiating at about 10 times the 
Eddington limit (Lgqa). 

High-frequency QPOs are occasionally seen in several BHBs with 
high coherence*. They sometimes occur in pairs, with a frequency 
ratio of 3:2 (ref. 8). These frequencies appear to be stable, and are 
regarded as a signature of strong gravity in the vicinity of a rotating 
black hole’*. A tentative frequency—mass relation, fy = 931 (M/ 
Mo) 'Hz, can be derived from three objects*. Here fy is the fun- 
damental frequency of the pair; that is, the observed frequencies are 
2fo and 3f, (the fundamental is not seen). This relation yields the 
black hole mass in RE J1034+396 of 6.9 X 10° or 1.0 X 10’ Moa, 
depending on whether the observed periodicity corresponds to 2fo 
or 3fo, respectively. This would imply a luminosity of 0.5 or 0.3 Lega, 
respectively. All this clearly shows that better mass estimates (using, 
for example, reverberation mapping or accurate stellar velocity dis- 
persion) are required for RE J1043+396 before the QPO type can be 
uniquely identified. 

Finally we should ask why RE J1034+396 is unique in showing the 
first convincing evidence for a QPO, given that many AGN have 
comparable quality X-ray data and have been monitored for similar 
or longer timescales. Perhaps we have been exceptionally lucky in 
detecting a QPO with a small duty cycle (the high-frequency QPO in 
BHBs is seen only occasionally). Alternatively, it may be connected to 
the fact that RE J1034+396 is extreme even among NLS galaxies, 
with an unusual spectral energy distribution peaking in the far ultra- 
violet’’”°. This component extends into the soft X-ray band pass, but 
not to the harder X-rays where the QPO is seen. Thus the far ultra- 
violet/soft X-ray component cannot be directly responsible for the 
QPO signal, but it may indicate that RE J1034+396 has an extreme 
mass accretion rate and that this drives both the unusual spectrum 
and the QPO. 

QPOs remain enigmatic, but they clearly contain information 
about the dynamics of the infalling material. The larger mass of an 
AGN means that we see fewer cycles of a QPO, but with much higher 
time resolution compared to BHBs. Therefore, future studies of such 
phenomena in AGN will shed new light on the origin of QPOs, and in 
turn, on the behaviour of accretion flows around black holes. 
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Unusual magnetic order in the pseudogap region of 
the superconductor HgBa2CuO,., ; 


Y. Li’, V. Balédent?, N. Barisic>*, Y. Cho*°, B. Fauqué’, Y. Sidis*, G. Yu', X. Zhao”®, P. Bourges* & M. Greven*” 


The pseudogap region of the phase diagram is an important 
unsolved puzzle in the field of high-transition-temperature 
(high-T) superconductivity, characterized by anomalous physical 
properties’’. There are open questions about the number of dis- 
tinct phases and the possible presence of a quantum-critical point 
underneath the superconducting dome*°. The picture has 
remained unclear because there has not been conclusive evidence 
for a new type of order. Neutron scattering measurements for 
YBaz,Cu30¢+5 (YBCO) resulted in contradictory claims of no’ 
and weak*® magnetic order, and the interpretation of muon spin 
relaxation measurements on YBCO'" and of circularly polarized 
photoemission experiments on Bi,Sr,CaCu,Og+5(refs 12, 13) has 
been controversial. Here we use polarized neutron diffraction to 
demonstrate for the model superconductor HgBa,CuO4+5 
(Hg1201) that the characteristic temperature T* marks the onset 
of an unusual magnetic order. Together with recent results for 
YBCO", this observation constitutes a demonstration of the 
universal existence of such a state. The findings appear to rule 
out theories that regard T* as a crossover temperature’** rather 
than a phase transition temperature’? *’. Instead, they are consis- 
tent with a variant of previously proposed charge-current-loop 
order” that involves apical oxygen orbitals”, and with the 
notion that many of the unusual properties arise from the presence 
of a quantum-critical point*>”. 

YBCO has a relatively complicated orthorhombically distorted 
crystal structure, with two CuO, layers forming a double layer in 
the unit cell and with additional Cu—O chains between the double 
layers. Recent experiments'*’° on YBCO point to the possible exist- 
ence of a new magnetic order below T* (see Fig. 1a) that does not 
break translational invariance. The observed effect occurs at posi- 
tions in reciprocal space that had not been considered in previous 
work. To assess whether this effect is unique to YBCO or a universal 
property of the high-T, superconductors, it is essential to extend the 
investigation to additional, structurally simpler compounds. Hg1201 
has a simple tetragonal crystal structure (Fig. le), with only one CuO, 
layer in the unit cell, and the highest maximum T, of all known 
single-layer compounds***. These properties, together with a wide 
accessible doping range and minimal effects of disorder™*”*, render 
Hg1201 an ideal system for the clarification of the pseudogap physics. 
Through recent advances in crystal growth, sizable high-quality sin- 
gle crystals have finally become available*’, making the present study 
possible. 

Polarized neutron diffraction experiments were made on the 4F1 
triple-axis spectrometer at the Laboratoire Leon Brillouin. The 
experimental setup was similar to that described previously", allow- 
ing the detection of scattered neutrons in both spin-flip (SF) and 
non-spin-flip (NSF) channels. We define the flipping ratio 


FR = Ixsp/Isp (where Tis intensity) to quantify the experimental effi- 
ciency of polarization. With careful arrangement, a stable flipping 
ratio as high as 95 can be obtained. This proved to be crucial for the 
detection of small magnetic signals in samples with relatively high 
carrier concentration. All measurements were performed in the 
(HOL) scattering plane, where the scattering wave vector is quoted 
as Q = Ha* + Kb* + Lce* = (HKL) in units of the reciprocal lattice 
vectors, with typical room temperature values a* = b* = 1.614 A? 
and c* = 0.657 A '. Four underdoped samples were investigated; as 
revealed in Fig. 1b, they show sharp superconducting transitions with 
T. = 61, 79, 81 and 89K. 

Figure 2a—c demonstrates the existence of a magnetic component 
in the spin-flip channel for samples A and B. Because of the relatively 
strong intensity from unavoidable nuclear Bragg peak leakage in the 
spin-flip geometry, the measurement was made at the weak nuclear 
reflection Q = (101). The neutron polarization was parallel to the 
momentum transfer, P//Q, a geometry in which all magnetic scatter- 
ing occurs in the spin-flip channel. The linear slope of the nuclear 
scattering observed in the non-spin-flip channel can be accounted for 
by the Debye-Waller factor. As expected, owing to the leakage, the 
spin-flip data have a linear nuclear scattering contribution as well. 
However, the spin-flip data also show an additional component 
below Tinag ~ 250 K, which we conclude to be of magnetic origin 
(see also below). The two samples have nearly identical values of T, 
and Tyag and the strength of the magnetic signal is nearly indistin- 
guishable after normalization by the nuclear scattering intensity 
(Fig. 2b,c). The onset of magnetic order in YBCO has been associated 
with the pseudogap temperature T*,, determined by resistivity mea- 
surements’. Resistivity data for a separate small crystal with 
T, = 79 K are shown in Fig. 1c. Indeed, the rescaled magnetic intens- 
ities for samples A and B follow the deviation from linear resistivity 
quite well (Fig. 1d), strongly suggesting that the observed magnetic 
and charge properties share the same physical origin. 

For new magnetic order associated with the pseudogap phase, it is 
expected that the ordering temperature and strength increase 
(decrease) towards lower (higher) doping. To test this, we subjected 
sample B to a reducing heat treatment that lowered the oxygen (and, 
consequently, the hole carrier) concentration. The resultant sample 
B’ has a significantly lower T- of 61 K. Indeed, as displayed in Fig. 2e,f, 
the onset of the magnetic order has shifted to significantly higher 
temperature, and the signal strength has increased by more than a 
factor of five. On the other hand, for the most highly doped crystal 
(sample C; T. = 89 K), we were no longer able to discern a magnetic 
signal within the counting statistics of the experiment (Fig. 2d). 

Comparison between Hg1201 and YBCO'*" demonstrates remark- 
able universality (Fig. 3). (i) In both cases, the order preserves the 
translational symmetry of the underlying lattice, unlike conventional 
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Figure 1| Pseudogap in underdoped Hg1201. a, Schematic phase diagram of 
hole-doped high-T, superconductors. Ty, Néel temperature of 
antiferromagnetism (AFM). b, Determination of T. by superconducting 
quantum interference device (SQUID) magnetometry (for B’) and neutron 
depolarization (for A, B, C) of the four underdoped Hg1201 samples studied 
in this work. Quoted T, values are transition mid-points. Sample B’ was 
obtained from sample B (mass ~600 mg, as-grown) by annealing in partial 
vacuum (0.1 torr) at 450 °C. Samples A (150 mg) and C (1.2 g) are as-grown. 
Typical sample mosaic is less than 0.5° (full width at half maximum). The 
neutron-depolarization effect was used to measure the bulk T. whenever 
possible. A guide field of ~10 Oe was applied along the beam path. After the 
samples were cooled below T, and contained trapped vortices, the guide field 
at the sample position was turned by 90°, resulting in an abrupt change of 
magnetic field at the sample surface, which can be observed as a decrease in 


('%, 2,0) type antiferromagnetism. (ii) The magnetic scattering devel- 
ops below a temperature which coincides with T* determined from 
d.c. transport, suggesting that the order involves both magnetic and 
charge degrees of freedom. (iii) The magnetic signal is of comparable 
strength for the two compounds, it is strongest in very underdoped 
samples, and the transition appears to be continuous. We note that the 
effect in the most underdoped sample B’ is very strong, corresponding 
to ~0.24p per unit cell in a naive picture of spin-based moments, and 
that the present data statistics do not allow a reliable determination of 
the order parameter critical exponent. (iv) Using previous esti- 
mates”””* for the doping dependence of T., the ordering temperatures 
for both systems fall onto the same line. Linear extrapolation suggests 
that Tag approaches zero close to the value p. = 0.19, which has been 
argued to be the location of a quantum critical point’. Alternatively, 
rescaling T.(p) for Hg1201 to the curve for YBCO shifts Tynag(p) to 
higher hole concentrations and leads to an apparent disappearance of 
the magnetic signal near p = 0.15 for both systems (Supplementary Fig. 
1). Both the linear trend and the value of p, are consistent with new 
polar Kerr effect results for YBCO that also indicate the existence of a 
phase with broken time-reversal symmetry, although with ordering 
temperatures that are systematically lower”. (v) In both cases, the 
moment does not lie along the c axis, but rather has a considerable 
in-plane component. For sample B, the (101) intensity measured with 
P 1 Q(Pin the scattering plane) is about 65% of that for P//Q (Fig. 2c). 
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flipping ratio. Error bars represent counting statistics (one standard 
deviation). In several cases, T, was verified using conventional magnetic 
susceptibility measurements. c, Temperature dependence of resistivity for a 
separate crystal (T. = 79 K). The resistivity measurement used the standard 
four-probe method, with electrical contacts sputtered on the ac/bc faces of a 
small single crystal (contact resistance less than 1 ohm). d, Deviation from 
linear resistivity compared with magnetic signal intensity (Imag) for samples 
Aand B, demonstrating that the new form of magnetic order is linked to the 
pseudogap. Error bars represent counting statistics (one standard 
deviation). e, Crystal structure of Hg1201 (dopant oxygen atoms in Hg—O 
layer not shown). f-h, Simplified schematic illustrations of three ordered 
states that break time-reversal symmetry, but preserve translational 
symmetry: f, spin-order involving oxygen atoms; g, planar orbital currents; 
h, orbital currents involving apical oxygens. 


Noting that polarized neutron diffraction in the spin-flip channel 
probes the component of the magnetic moments perpendicular to 
both P and Q, and that in the former geometry P makes a relatively 
small angle with the caxis, this suggests a non-negligible component of 
the measured moment in the a—b plane. 

The observation of magnetic Bragg scattering at Q = (101) is con- 
sistent with an even number of moments per unit cell with zero net 
moment. Magnetic order involving spin moments on the planar oxy- 
gen atoms (Fig. 1f) could, in principle, preserve the translational invari- 
ance of the underlying crystal lattice’. However, such order would be 
difficult to reconcile with the unusual moment direction and, as dis- 
cussed below, with the observed strong Q-dependence. Moreover, it 
should be discernable with NMR, yet no such evidence has been 
reported’. Instead, it seems likely that the new state arises from cir- 
culating charge currents’. The experiments for Hgl201 and 
YBCO'*" are qualitatively consistent with magnetism due to two 
counter-circulating charge current loops per CuO, plaquette 
(Fig. 1g), but as the theory involves the planar oxygen p and copper 
dorbitals, it predicts a magnetic moment along the caxis, which cannot 
explain the in-plane component found experimentally. To explain the 
unusual moment direction and the tiny ferromagnetic component 
observed by the polar Kerr effect”, it has been proposed that the 
relatively low structural symmetry of YBCO will lead to spin-orbit 
coupling that causes spin order to accompany planar loop-current 
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Figure 2 | Unusual magnetic order revealed by polarized-neutron 
diffraction. a, e, Raw data for samples B (T- = 81 K) and B’ (T, = 61K). 
Magnetic signal appears as additional intensity in the spin-flip (SF) channel 
compared with ‘background’ intensity due to nuclear Bragg scattering. The 
latter is measured in the non-spin-flip (NSF) channel, but a fraction 1/FR 
(where FR is the flipping ratio, such as 95 in ‘NSF/95’) is also observed in the 
spin-flip geometry. b-d, f, Temperature dependence of net intensity Imag, 
which is obtained after the removal of the background. Sample A, T, = 79 K; 
sample B, T, = 81 K; sample C, T, = 89 K. Conversion to absolute units is 
completed using the intensity of the same nuclear Bragg peak. g, Intensity 
measured on different Bragg peaks in the most underdoped sample. Yellow 
circles, (100); red squares, (101); blue triangles, (201); grey inverted 
triangles, (102). Data in a-f are collected on the Bragg peak Q = (101), with 


order*’. However, such spin-orbit coupling is expected to be absent in 
Hg1201, which possesses a high tetragonal structural symmetry in 
which the planar Cu and O sites are centres of inversion. The presence 
of significant oxygen spin moments is furthermore inconsistent with 
the narrow '7O NMR linewidth’. 

The correct description might be a variant of the proposed phase, 
with orbital-current loops that involve the apical oxygens, but 
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the neutron spin parallel to Q. In ¢, data are also collected with the neutron 
spin perpendicular to Q in the scattering plane (red squares, P//Q; blue 
triangles, P | Q). Horizontal band in d represents an upper bound estimate 
for the intensity of sample C. Solid coloured lines in a-c and e=g are guides 
to the eye. Horizontal arrows represent the oxygen-anneal step carried out to 
obtain sample B’. Error bars represent counting statistics (one standard 
deviation). The polarized-neutron diffraction experiment was carried out in 
continuous runs with minimal instrument movement. The super-mirror 
polarizer and Heusler analyser were arranged such that the electromagnetic 
spin flipper was off when measuring the spin-flip channel, providing 
maximum stability. The experiments are limited to temperatures above T., 
because the required neutron guide field cannot be reliably sustained in the 
superconducting state. 


without current flow through the copper site (Fig. 1h). The tilt angle 
spanned by the CuO; plane and the ‘oxygen triangles’ is about 64° for 
Hg1201 and 59° for YBCO, consistent with the fact that a large 
portion of the total signal (P//Q) is distributed in the P | Q geometry 


Figure 3 | Universal pseudogap phase diagram. In the main panel, hole 
doping is estimated from the T(p) relationships (dotted lines) reported 
in’””®, Values of Tmag for Hg1201 and YBCO are determined in this work and 
in refs 14,15, respectively. A linear fit of T,,3¢(p) to the combined data 
extrapolates to Tag = 0 K at p, = 0.190 + 0.011 (black dashed line). Note 
that the value of T, is a function not only of p but also of disorder™*”’, 
possibly leading to systematic differences in carrier concentration estimates. 
Furthermore, the T(p) relationships for Hg1201 and YBCO differ below 
optimal doping, and the systematic deviation from a parabolic form might 
result from a tendency towards stripe-order formation near p = 1/8 (ref. 27). 
In the inset, p for Hg1201 is estimated using the T,(p) relationship for 
YBCO”, and linear extrapolation gives p. = 0.194 + 0.025 (Hg1201) and 
Pc = 0.196 + 0.011 (YBCO). Symbols are plotted with area proportional to 
signal intensity estimated at T = 0 K. Samples at relatively high doping did 
not show an observable magnetic signal (see also Supplementary Fig. 1 for 
YBCO). Error bars represent the uncertainty in the estimation of T,,4,. The 
results are summarized in Table 1. For the most underdoped Hg1201 sample 
B’, an order parameter fit was attempted, allowing for a small distribution of 
transition temperatures Tinag. This distribution was estimated from the 
superconducting transition width and the approximate change of T,,a, with 
T.. Fits to the (100) and (101) Bragg peaks were carried out to extract Tag 
and the exponent /3; f was found to be strongly dependent on the range of the 
fit, which was unstable for T > 300 K, and yielded / = 0.18 + 0.13 for 

T > 250K and f = 0.42 + 0.12 for T> 200K. 
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Table 1| Summary of results for the universal pseudogap phase diagram 


P Te (K) Tag (K) Imag (mb) 
Y 0.091 54 300 + 10 28+03 
Hg 0.069 (0.102) 61 372 +13 42+03 
Y 0.107 61 250 + 20 1.7+0.2 
Y 0.112 63 235415 1.6 +0.2 
Y 0.115 64 220 + 20 15+0.2 
Y 0.135 78 170 + 30 0.6+0.1 
Hg 0.105 (0.134) 79 248 + 23 05+01 
Hg 0.107 (0.136) 81 228 +18 0.6+0.1 
Hg 0.116 (0.144) 89 N/A <0.15 
Y 0.147 89 N/A <0.2 

Y 0.209 75 N/A <0.1 


The hole concentration p estimated from the T.(p) relationships reported previously*’* (values 
or Hg1201 in parentheses are those pertaining to the inset to Fig. 3), superconducting transition 
emperature, onset temperature and strength of magnetic signal reported in this work and in'*”. 
Hg and Y denote Hg1201 and YBCO, respectively. The data are shown in Fig. 3. Neutron 
diffraction data for the YBCO 0.147 sample can be found in Supplementary Fig. 1. 


P in the scattering plane). These observations are further supported 
by the data in Fig. 2g, which demonstrate that the magnetic signal is 
even stronger at Q = (100) than at (101), whereas at the (201) and 
102) reflections no signal was discerned. This trend, which is in good 
agreement with the results for YBCO”, is consistent with the general 
expectation that magnetic signal decreases with increasing Q. 
However, the sharp decrease of the intensity with increasing Q 
implies that, distinct from conventional spin order, the magnetic 
density has a large spatial extent, consistent with a picture of 
extended spontaneous orbital currents within the unit cell. 
Moreover, the currents cannot be confined to the CuO, planes 
(Fig. 1g), as this would not lead to a strong L-dependence. Very recent 
theoretical work on extended two-dimensional Hubbard models 
including apical oxygen orbitals supports this picture”. 

The maximum T, occurs close to where the experiment fails to 
discern a magnetic signal, and it seems likely that the order competes 
with the superconductivity. One intriguing possibility is that the 
fluctuations associated with an underlying quantum critical point 
are directly responsible for the appearance of superconductivity 
and the unusual normal state properties, such as the linear resistivity 
found up to remarkably high temperatures. 
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Metamaterials are artificially engineered structures that have prop- 
erties, such as a negative refractive index’, not attainable with 
naturally occurring materials. Negative-index metamaterials 
(NIMs) were first demonstrated for microwave frequencies”®, but 
it has been challenging to design NIMs for optical frequencies and 
they have so far been limited to optically thin samples because of 
significant fabrication challenges and strong energy dissipation in 
metals’*®. Such thin structures are analogous to a monolayer of 
atoms, making it difficult to assign bulk properties such as the index 
of refraction. Negative refraction of surface plasmons was recently 
demonstrated but was confined to a two-dimensional waveguide’. 
Three-dimensional (3D) optical metamaterials have come into focus 
recently, including the realization of negative refraction by using 
layered semiconductor metamaterials and a 3D magnetic metama- 
terial in the infrared frequencies; however, neither of these had a 
negative index of refraction’®’'. Here we report a 3D optical meta- 
material having negative refractive index with a very high figure of 
merit of 3.5 (that is, low loss). This metamaterial is made of cascaded 
‘fishnet’ structures, with a negative index existing over a broad spec- 
tral range. Moreover, it can readily be probed from free space, mak- 
ing it functional for optical devices. We construct a prism made of 
this optical NIM to demonstrate negative refractive index at optical 
frequencies, resulting unambiguously from the negative phase 
evolution of the wave propagating inside the metamaterial. Bulk 
optical metamaterials open up prospects for studies of 3D optical 
effects and applications associated with NIMs and zero-index mate- 
rials such as reversed Doppler effect, superlenses, optical tunnelling 
devices'”"*, compact resonators and highly directional sources™. 

NIMs, first described by Veselago more than 40 years ago’ and 
recently discussed in the framework of metamaterials’, arise from the 
fact that both the permittivity and the permeability of the materials 
are simultaneously negative. In the past several years, much effort has 
been dedicated to the engineering and extension of the functionalities 
of metamaterials at terahertz’*"’’ and optical frequencies’*!°'*7", 
Metal—dielectric-metal fishnet structures were among the earliest 
demonstrations of optical NIMs. These structures, however, consist 
of a single functional layer along the direction of propagation. This is 
equivalent to an atomic monolayer, making it difficult to explore 
phenomena in three dimensions and develop device applications. 
Moreover, as a result of their resonant nature, these systems suffer 
substantial loss at optical frequencies. On the basis of the above, it is 
therefore imperative to realize low-loss bulk optical NIMs if we are to 
demonstrate unambiguously the unique effects associated with nega- 
tive index of refraction. 

Recently, it has been suggested theoretically that stacking up mul- 
tiple fishnet functional layers along the propagation direction 


constitutes a promising approach for achieving a 3D optical NIM” 
(Fig. 1a). This cascading leads to a strong magneto-inductive coup- 
ling between neighbouring functional layers*’. As demonstrated 
recently™*, the tight coupling between adjacent LC resonators 
through mutual inductance results in a broadband negative index 
of refraction with low loss, which is similar to the material response of 
left-handed transmission lines”*’°. In addition, the loss is further 
reduced owing to the destructive interference of the antisymmetric 
currents across the metal film, effectively cancelling out the current 
flow in the centre of the film”. 

Here we experimentally demonstrate the first 3D optical NIM by 
directly measuring the angle of refraction from a prism made of 
cascaded fishnet metamaterial. The experimental results, along with 
numerical calculations, serve as direct evidence of zero and negative 
phase index in the metamaterial. 

The 3D fishnet metamaterial is fabricated on a multilayer metal- 
dielectric stack by using focused ion-beam milling (FIB), which is 
capable of cutting nanometre-sized features with a high aspect ratio. 
Figure 1b shows the scanning electron microscopy (SEM) image of 
the proposed 3D fishnet pattern, which was milled on 21 alternating 
films of silver and magnesium fluoride, resulting in ten functional 
layers. 

To measure the index of refraction of the 3D metamaterial experi- 
mentally, a prism was created in the multilayer stack (Fig. 2a, b). 
Measurements of the refractive index of these structures were per- 
formed by observing the refraction angle of light passing through the 
prism by Snell’s law. This provides a direct and unambiguous 


Figure 1| Diagram and SEM image of fabricated fishnet structure. 

a, Diagram of the 21-layer fishnet structure with a unit cell of p = 860 nm, 
a = 565 nm and b = 265 nm. b, SEM image of the 21-layer fishnet structure 
with the side etched, showing the cross-section. The structure consists of 
alternating layers of 30 nm silver (Ag) and 50 nm magnesium fluoride 
(MgF,), and the dimensions of the structure correspond to the diagram in 
a. The inset shows a cross-section of the pattern taken at a 45° angle. The 
sidewall angle is 4.3° and was found to have a minor effect on the 
transmittance curve according to simulation. 
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Sample Lens 2 Camera 


Figure 2 | SEM image of NIM prism and schematics of experimental setup. 
a, SEM image of the fabricated 3D fishnet NIM prism. The unit cell size is 
identical to that shown in Fig. 1a. The inset shows a magnified view with the 
film layers visible in each hole. b, Geometry diagram of the angle 
measurement; 6 corresponds to the position difference of the beam passing 
through a window in the multilayer structure (mn = 1) and prism sample. By 
measuring 6, the absolute angle of refraction ~ can be obtained. 

c, Experimental setup for the beam refraction measurement. The focal 
length of lens 1 is 50 mm and that of lens 2 is f; = 40 mm. Lens 2 is placed ina 
2f configuration, resulting in the Fourier image at the camera position. 


determination of the refractive index, because the refraction angle 
depends solely on the phase gradient that the light beam experiences 
when refracted from the angled output face. We used a femtosecond 
synchronously pumped optical parametric oscillator as a tunable 
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light source to determine the refractive index at different wave- 
lengths. The beam was focused on the sample, and a charge-coupled 
device (CCD) camera was placed in the Fourier plane (Fig. 2c). 

Figure 3a shows the beam shift 6 resulting from the bending of 
light at the prism output at different wavelengths, ranging from 1,200 
to 1,700 nm. The measurement was performed on a prism of angle 
fb =5.0° and the beam shift is plotted along with reference measure- 
ments of transmission through a window, without the presence of the 
prism (left panel). Clearly, as the wavelength increases, the beam shift 
resulting from the prism refraction is changing from positive to 
negative, indicating a transition from a positive index in the shorter 
wavelengths to a negative index in the longer wavelengths. At a wave- 
length 2 of 1,475 nm, the index of refraction is approaching zero; that 
is, the beam does not acquire any phase while propagating in the 
metamaterial. Consequently there is no phase gradient at the angled 
output face and the exiting beam is exactly normal to the output face 
(see dashed lines in Figs 2b and 3a). 

Figure 3b depicts the measured refractive index of the 3D fishnet 
metamaterial at various wavelengths. The refractive index varies 
from n= 0.63 + 0.05 at 1,200nm to n= —1.23 + 0.34 at 1,775 nm. 
The refractive index was determined from multiple measurements of 
two fishnet prisms with angles of 6 =5.0° and 4.7° and for wave- 
lengths ranging from 1,200 to 1,800 nm. Although there is a correla- 
tion between the beam spot positions shown in Fig. 3a and the 
refractive index in Fig. 3b, it should be noted that Fig. 3b shows 
the average of measurements on different prisms with the standard 
deviation as error bars, whereas Fig. 3a shows an individual measure- 
ment. The experimental results are found to be in good agreement 
with the theoretical predictions (black line in Fig. 3b) on the basis of 
rigorous coupled-wave analysis (RCWA). The measured negative 
refraction angle is a direct result of negative phase evolution for light 
propagating inside the sample caused by a negative refractive index. 
This is illustrated in Fig. 3c by a numerical calculation of the in-plane 
electromagnetic field distribution in the fishnet prism at 
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Figure 3 | Experimental results and finite-difference time-domain 
simulations. a, Fourier-plane images of the beam for the window and prism 
sample for various wavelengths. The horizontal axis corresponds to the 
beam shift 6, and positions of n = 1 and n = 0 are denoted by the white lines. 
The image intensity for each wavelength has been normalized for clarity. 
b, Measurements and simulation of the fishnet refractive index. The circles 
show the results of the experimental measurement with error bars (s.d., 


n = 4 measurements). The measurement agrees closely with the simulated 
refractive index using the RCWA method (black line). ¢, Left: simulation of 
the in-plane electric field component for the prism structure at 1,763 nm, 
showing the phase front of the light. Negative-phase propagation resulting 
from the negative refractive index leads to negative refraction angle as 
measured by the beam shift in the experiment. Right: magnified plot of the 
field distribution in the prism. 
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A= 1,763nm, where the structure shows a refractive index of 
n= -—1.4. A movie of the evolution of the electric field generated 
with commercial finite-difference time-domain software at the same 
wavelength is also presented in Supplementary Information. Because 
of the negative phase propagation inside the metamaterial, the elec- 
tromagnetic wave emerging from the thicker part of the prism experi- 
ences phase advance compared with that passing through the thinner 
parts, causing the light to bend in the negative direction at the exit 
interface. We note that the refractive index remains consistent for the 
fishnet metamaterial with three or more functional layers along the 
propagation direction, which leads to a uniform wavefront exiting 
from the prism (see Supplementary Information). 

To acquire a clear understanding of the 3D metamaterial’s optical 
response, we separate the fishnet into two subsets and calculate the 
dispersion curves with RCWA. The first constituent is a 3D array of 
metal wires aligned with the polarization direction of the incident 
electric field (Fig. 4a). This array serves as an effective medium with 
lowered volumetric plasma frequency (220 THz), below which wave 
propagation is not allowed because of negative effective permittiv- 
ity’. The second constituent is a 3D array of metal strips along the 
direction of the magnetic field (Fig. 4b), in which induced antisym- 
metric conductive currents across the dielectric layers give rise to a 
magnetic bandgap between 135 and 210 THz. This is further con- 
firmed by the plots of the magnetic fields at two frequencies, below 
and above the bandgap. Above the bandgap the magnetic response is 
positive, as shown in Fig. 4d, where the magnetic field component 
between the strips is in phase with the external field. Above the 
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Figure 4 | Dispersion relations, field plots and transmission for the 3D 
fishnet structure. In all plots the grey area corresponds to the negative- 
index region as determined by simulations. a, Dispersion relation for a 3D 
array of metal wires aligned along the electric field E, where k denotes the 
incident propagation vector. The dotted lines in the diagram mark the unit 
cell size, which is identical in a—e, and correspond to Fig. la. b, Dispersion 
relation of a 3D array of metal strips along the magnetic field H. c, The 
dispersion for the 3D fishnet structure. A dispersion curve with negative 
slope appears within the overlapped region of the electric bandgap and 
magnetic bandgap if both structures are combined. d, Magnetic field plot 
below the bandgap. e, Magnetic field plot above the bandgap. f, Experimental 
transmittance curve (red line) of a 22 X 22 unit cell fishnet structure 
(17.6 X 17.6 jum’ total patterned area), which has been multiplied by four for 
clarity. The simulated transmittance (black dotted line) was obtained with 
RCWA. 
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bandgap, the metal strips have a moderately negative response, as 
shown in Fig. 4e, where the magnetic field between the strips is out of 
phase. Finally, these two structures are merged to form the 3D fishnet 
metamaterial, for which the dispersion relation is shown in Fig. 4c. A 
propagation band with negative slope appears in the overlapped 
region of the forbidden gaps of both electric and magnetic media, 
demonstrating that the negative-index behaviour in the 3D cascaded 
fishnet does indeed result from the fact that both the electric permit- 
tivity and the magnetic permeability are negative. 

In addition, transmittance measurements were performed on the 
3D fishnet metamaterial made of 21 layers with the use of a Fourier- 
transform infrared microscope (Nicolet Nic-Plan IR microscope). 
Figure 4f shows the measured transmittance spectrum along with 
the numerically calculated transmittance. The simulation predicts a 
broad negative-index band spanning from 1.45um to 2.2m 
(shaded region), which coincides with the high transmission band 
from 1.5 um to 1.8 um. As mentioned previously, this wide band of 
negative index results from the strong coupling between neighbour- 
ing layers. The measured transmittance has similar features to those 
of the calculation, namely two peaks imposed over the transmission 
band that are slightly red-shifted with respect to the numerical 
results. These features are due to the Fabry—Pérot effect, in which 
the impedance mismatch leads to reflectance at the metamaterial/air 
and metamaterial/glass interfaces. Although the peaks are visible at 
lower refractive index values owing to the lower loss, the Fabry—Pérot 
effect cannot be clearly seen in the transmission spectra for larger 
negative index at longer wavelength where the loss is higher, resulting 
in broadening and extinction of spectral features. We note that the 
transmittance in the negative-index band is one-quarter of the 
numerically calculated value, which is probably due to imperfections 
in the fabrication. Nevertheless, our simulations show that the pres- 
ence of loss in the coupled fishnet metamaterial has a minimal impact 
on the dispersion relation (see Supplementary Information). This is 
because the 3D fishnet structure operates far from the band edge 
(Fig. 4c), where resonance is not significant. This explains the good 
agreement between the experimentally measured and simulated 
refractive indices despite the fabrication imperfections. 

Finally, we estimate the figure of merit (FOM = —Re(n)/|Im(n)|) 
of our fishnet multilayer structure. The material loss (that is, Im()) 
is conservatively estimated from the measured transmittance and 
reflectance data of the 21-layer sample, assuming a single pass of light 
through the metamaterial, as Im(n) = (A/42d)In[(1 — R)/T], where 
2, d, R and T are the wavelength, sample thickness, reflectance 
and transmittance, respectively. The dispersion of the simulated 
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Figure 5 | Figure of merit for the 3D fishnet structure. Plot of FOM against 


wavelength for the simulation (dashed line) and experiment (squares). The 


lower experimental FOM is due to reduced transmission resulting from 
fabrication imperfections. The experimental FOM reaches 3.5 at 1,775 nm, 


where Re(n) = —1.23. 
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and experimental FOM is plotted in Fig. 5. The FOM is 3.5 at 
A= 1,775nm (where Re(n) = —1.23), which is among the highest 
experimental values so far recorded at optical frequencies’’. For ideal 
fabrication conditions, the FOM could rise as high as about 20, as 
determined from theoretical calculations. We emphasize that our 
results are different from recent reports of negative refraction’’”* in 
anisotropic media with hyperbolic dispersion (equivalent to negative 
“group index’) but positive phase velocity. 

The fishnet metamaterial has a period about 7/20 in the vertical 
direction. The propagation of light travelling along this direction or 
within some angular range is dominated by this deep sub-wavelength 
period and not by the in-plane period, as long as the wavevector 
projection on the in-plane directions is small compared with the 
in-plane reciprocal lattice vector of the fishnet metamaterial. There 
is only a single propagating mode in the negative-index frequency 
region, justifying the description of the fishnet metamaterial with an 
effective index. In contrast, if higher dielectric materials such as sil- 
icon (m~ 3.6) are used to serve as the dielectric layer, the ratio 
between the wavelength and in-plane period can be significantly 
increased because of the larger capacitance in the LC circuit. 

Unlike the negative index obtained from photonic crystals”, the 
negative index presented here results from simultaneous negative 
magnetic and electric responses and shows a resemblance to the 
left-handed transmission line due to the tight coupling between the 
adjacent LC resonators. The negative index occurs in the first pro- 
pagation band and with smooth negative-phase evolution along the 
light propagation direction, which differs from the negative refrac- 
tion obtained in photonic crystals. 

Here we have experimentally demonstrated the first 3D NIM at 
optical frequencies and directly measured the refractive index of a 
NIM prism in the free space. The 3D optical metamaterials may offer 
the possibility to explore a large variety of optical phenomena assoc- 
iated with zero and negative refractive index, as well as applications in 
the scaling down of photonics and imaging. 


METHODS SUMMARY 


In the numerical studies of the 3D fishnet metamaterial, the intrinsic losses of the 
metal are included*’. The multilayer stack was deposited by electron-beam evap- 
oration of alternating layers of silver (30 nm) and magnesium fluoride (50 nm) 
resulting in a total thickness of 830nm. Two different configurations of the 
fishnet samples were fabricated on the multilayer stack. Samples of the first 
configuration consist of 22 X 22 in-plane fishnet unit cells and were used for 
the characterization of the transmittance. The second configuration (prism 
sample) was formed by etching the film at an angle f to the film surface, using 
FIB. The exact angle was measured with an atomic force microscope and was 
found to vary slightly between samples. A 10 X 10 fishnet pattern was subse- 
quently milled in the prism. 

To obtain the absolute angle of refraction, a window with an area equal to that 
of the prism was etched through the multilayer stack to serve as a reference. The 
window and prism Fourier images were measured for all wavelengths on an 
indium gallium arsenide infrared camera and the total beam shift 6 of the spot 
centre was calculated. Consequently, the angle of refraction « at the surface of the 
prism is given as % = f — arctan(0/f)). Snell’s law (n = sina/sinf) was used to 
calculate the real part of the refractive index of the sample. The imaginary part of 
the refractive index of the sample was obtained from transmittance and reflec- 
tance data acquired with a 21-layer sample of the first configuration (as described 
above). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


In the numerical studies of the 3D fishnet metamaterial, with the exception of 
Figs 3c and 4d, e, we used a RCWA, which expands the electromagnetic field into 
13 X 13 diffraction orders and matches the boundary conditions at each inter- 
face. Specifically, the numerical refractive index in Fig. 3b, the dispersion curves 
in Fig. 4a—c and the numerical figure of merit in Fig. 5 were calculated using a 
modal analysis given in ref. 22. Figures 3c and 4d, e were calculated with com- 
mercial finite-difference time-domain software (CST Microwave Studio). In the 
simulations, a Drude model was used for the dielectric parameters of silver, with 
plasma frequency w, = 9.0 eV and scattering frequency y = 0.054 eV. The 
scattering frequency is increased by a factor of three compared to that of the 
bulk silver*’ in order to account for the additional loss of surface scattering. 

In the experimental setup (Fig. 2c), light from the optical parametric oscillator 
(Spectra-Physics) was focused onto the prism with an achromatic lens (lens 1); 
the second lens (lens 2) was placed at its focal position. The position of the beam 
at the focal distance of lens 2 (f;) was used to calculate the angle of refraction. Asa 
result of limited camera imaging area, only the zero-order Fourier image was 
recorded. To obtain the absolute angle of refraction, a window with an area equal 
to that of the prism was etched through the multilayer stack to serve as a ref- 
erence. The window’s Fourier image was measured at all wavelengths, giving a 
reference position corresponding to a refractive index of 1. The centres of the 
beam spot for both the window and prism samples were determined by fitting 
the intensity with a 2D Gaussian profile and the total beam shift (6) at the 
position of the camera was calculated by taking the difference between the beam 
spot centres. 


©2008 Macmillan Publishers Limited. All rights reserved 


nature 


nature 


LETTERS 


Chiral colloidal clusters 


D. Zerrouki’, J. Baudry', D. Pine’, P. Chaikin* & J. Bibette' 


Chirality is an important element of biology, chemistry and phys- 
ics. Once symmetry is broken and a handedness is established, 
biochemical pathways are set. In DNA, the double helix arises 
from the existence of two competing length scales, one set by the 
distance between monomers in the sugar backbone, and the other 
set by the stacking of the base pairs’. Here we use a colloidal system 
to explore a simple forcing route to chiral structures. To do so we 
have designed magnetic colloids that, depending on both their 
shape and induced magnetization, self-assemble with controlled 
helicity. We model the two length scales with asymmetric colloidal 
dumbbells linked by a magnetic belt at their waist. In the presence 
of a magnetic field the belts assemble into a chain and the steric 
constraints imposed by the asymmetric spheres force the chain to 
coil. We show that if the size ratio between the spheres is large 
enough, a single helicity is adopted, right or left. The realization of 
chiral colloidal clusters opens up a new link between colloidal 
science and chemistry. These colloidal clusters may also find use 
as mesopolymers, as optical and light-activated structures’, and as 
models for enantiomeric separation. 

To advance the use of colloids in nanotechnology as a route for the 
fabrication of large-scale complex and useful structures, we need to 
give the building blocks the functionality and variability found in 
chemistry, allowing the synthesis of polymers and chiral structures 
rather than the crystalline structures or aggregates traditionally 
observed in colloids*’. Using colloids to mimic atoms, as building 
blocks for molecules or macromolecules at a colloidal scale, would also 
offer insight in designing and rationalizing functionality in chemistry. 
Steric hindrance between substituents is broadly accepted to be one of 
the main driving forces directing the formation of a particular con- 
figurational isomer’®. At a colloidal scale, these steric interactions are 
much easier to control without the confounding influence of hydro- 
gen bonding, van der Waals and electrostatic forces. But although 
isotropic particles suffice to form amorphous aggregates, crystals or 
geometrically confined structures’, the creation of colloidal molecules 
requires that the building blocks assemble in a more precise way in 
order to mimic bond angles. An effective processing route is to apply 
an external magnetic field to colloids that contain super-paramagnetic 
material. This way, very long polymeric assemblies can be created’. 
This strategy leads to very rapid assembly, but it has been limited to 
one-dimensional and uniform structures, thus excluding the forma- 
tion of configurational isomers. 

Here we introduce new magnetic colloids that can rapidly self- 
assemble into a variety of isomeric forms. Depending on the shape 
of the colloidal blocks relative to their spontaneous direction of mag- 
netization, these colloids assemble into structures that must fulfil 
both steric and magnetic constraints. This induces a fixed repeated 
isomeric configuration or tacticity. We present two types of colloidal 
assemblies which led us to a third structure—a helix. The first grows 
in-plane with a bond angle of 60° producing a perfect alternation of 
colloidal block positions, a syndiotactic arrangement. The second 


Vol 455|18 September 2008|doi:10.1038/nature07237 


grows with a repeating in-plane/out-of-plane structure with a 90° 
rotation angle between two blocks. The third is our helical structure. 

Individual colloidal blocks are produced using emulsion confine- 
ment'!. We start with droplets containing a binary colloidal mixture 
comprising both an oil-based ferrofluid and hydrophobic micro- 
metre-sized silica particles. By adjusting the hydrophobicity of the 
silica particles and the quantity of iron oxide nanoparticles, we can 
design a specific magnetic patterning of the silica spheres during 
solvent evaporation. Under different conditions, we obtain four dis- 
tinct types of colloidal structures after oil evaporation. Scanning 
electron microscope pictures of these new colloids are shown in 
Fig. 1. The detailed experimental protocol is described in the 
Methods. When no silica particles are trapped, we obtain conven- 
tional spherical magnetic colloidal particles (Fig. la). When only one 
silica particle is trapped and when both its initial size and ferrofluid 
content are appropriately set, we obtain silica particles that possess a 
single characteristic magnetic ‘cap’ (Fig. 1b). This magnetic cap con- 
sists of densely packed Fe,O; nanoparticles about 10 nm in diameter. 
The de-wetting of the ferrofluid on the curved hydrophobic silica 
surface during the extraction of the oil drives its shape. At the very 
end of the evaporation, the nanoparticles irreversibly stick together 
and adhere to the silica surface, leading to the final structure. When 
two particles are trapped within one emulsion droplet, we obtain 
doublets of silica particles with a solid magnetic ring located around 
the contact point between the two silica spheres. This ring is shaped 
both by the silica contour and by capillary forces confining the ferro- 
fluid during oil evaporation. We refer to these magnetic structures as 
‘rings’ and the binary particles as ‘dumbbells’. We have made these 
dumbbells with either the same or differently sized silica particles, as 
shown in Fig. 1c and d. 

Paramagnetic spherical particles as in Fig. 1a do not individually 
orient in a magnetic field, but two particles will attract and align in 
the field direction owing to shape anisotropy (part a, Fig. 2A, B). The 
magnetic caps and rings on the silica colloids are not magnetically 
isotropic and their shape anisotropy causes them to align individually 
in an applied field with their circular base parallel to the field’*. Two 
such particles will attract but their steric interaction will cause the 
pair not only to align with the field but to adopt specific configura- 
tions relative to each other. The capped particles have a magnetic 
dipole interaction which is maximized when the circular bases of the 
caps are parallel to each other, parallel to the field and as close 
together as possible. The capped particles can align with their caps 
on the same or opposite sides of the particles. In the latter arrange- 
ment the caps are closer (part b, Fig. 2A, B). On the symmetric 
dumbbells the rings form a small ‘belt’ around the waist of the touch- 
ing spheres (ting < sphere). The attractive 1/ r interaction is largest 
when the belts are as close as possible along the field. This occurs 
when the dumbbells are perpendicular to the magnetic field and to 
each other (part c, Fig. 2A, B). Two asymmetric dumbbells also adopt 
a ‘closest belt’ approach with all spheres touching (part d, Fig. 2A, B). 


'Laboratoire Colloides et Matériaux Divisés, ESPCI, UPMC, CNRS, ParisTech, 10 rue Vauquelin, 75005 Paris, France. *Center for Soft Matter Research, Department of Physics, New 
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Figure 1| Electron microscopy images of particles showing magnetic 
patterning. Typical scanning electron microscope pictures of dried alcane- 
based ferrofluid droplets. a, Ferrofluid only; the ferrofluid nanoparticles 
collapse into a spherical colloidal particle. b, Ferrofluid with one silica 
particle of diameter 1 jim; the particle is decorated by a magnetic pattern 
consisting of nanoparticles of Fe,O3. The cap is clearly visible when the 


In Fig. 3 we show our four different colloidal samples under a 
magnetic field. In all cases the attractive induced dipole-dipole inter- 
action is sufficient to drive the self-assembly. In Fig. 3a, isotropic 
spherical particles form linear chains, as expected. In Fig. 3b, following 
the steric repulsion that we have seen in pairs in part b of Fig. 2A, B, 
‘caps’ order alternately up and down along the chain direction leading 
to isomeric tacticity at the colloidal scale. Indeed, this assembly is 
reminiscent of a syndiotactic arrangement observed in linear poly- 
meric chains, for which steric hindrance of substituents drives the 
regular alternation of particles’’. For sufficiently thin caps the struc- 
ture adopts a planar configuration with a bond angle of about 60° and 
a torsional and bond rigidity that depends on field strength. Because of 
the colloidal scale, the dynamics of this mode can be directly recorded 
in real time using a microscope and video camera (see Supplementary 
Movie 1). Symmetric dumbbells (Fig. 3c) self-assemble with the 
neighbouring dumbbells perpendicular to each other and to the field 
direction. Just as for chains of caps, at lower fields, thermally induced 
torsional modes can be excited and directly recorded in real time with 
a microscope (see Supplementary Movie 2). 


a b c d 


Figure 2 | Competition between magnetic interactions and steric 
hindrance. A, Schematic diagrams of the magnetic and steric pair 
interaction between colloidal blocks of types a to d. a, One isotropic 
paramagnetic particle has no preferential orientation in the field B; two of 
them attract to form a doublet oriented in the field direction. b, One capped 
particle orients such that the cap base is parallel to the field; two of them 
adjust their position so that the bases align and touch each other, forcing this 
up-and-down configuration. c, One symmetric dumbbell orients in the field 
so that the ring plane becomes parallel to the field; two of them must then 
rotate by 90° relative to each other such that the ring planes are as close as 
possible while retaining the right orientation. d, The same argument holds 
for a pair of asymmetric dumbbells. B, Microscopic pictures of single and 
paired building blocks of each type, following the same ordering as in 

A. Magnetic field, 10 mT; scale bars, 1 tum. 
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particle is oriented as shown here. ¢, Ferrofluid with two identical silica 
particles of diameter 1 jim. In this case the magnetic part consists of a ring in 
between the two silica spheres. d, Ferrofluid with different particle sizes: the 
silica particles are 1 and 2 um in diameter. Owing to the purification 
procedure we systematically find about 10% of other types of clusters in the 
final samples. Scale bars, 1 jum. 


We now come to the point of emergence of chirality. It is known 
that monodisperse spheres interacting through excluded volume 
interactions and confined within a proper geometry can pack with 
a helical structure’. Here we aim at demonstrating what could be the 
simplest building blocks for self-assembling mesoscopic helical struc- 
tures in the absence of confinement constraints. First note that in 
contrast to the symmetric dumbbells of Fig. 3c, a pair of magnetically 
linked asymmetric dumbbells, the case shown in Fig. 3d is in principle 
already chiral: mirror images do not superimpose, owing to the pres- 
ence of the rings. Indeed, if we look at the tetrahedron formed by the 
spheres alone, there are two orthogonal mirror planes, but the 
reflection symmetry is broken by the magnetic rings (part a, 
Fig. 4A). A reflection plane can be restored if a third dumbbell is 
added symmetrically (part b, Fig. 4A). However, a more favourable 
magnetic interaction, with a more collinear alignment of the rings, 
occurs if we flip the last dumbbell (part c, Fig. 4A). The combination 
ofa more collinear magnetic interaction plus steric repulsion favours 
the helical structure when the ratio of the spheres is within a critical 
range of values, which our calculations show to be from about 2 to 3. 
The calculations include the dipole-dipole interactions between 
rings as well as the hard sphere interactions between different 
spheres, but neglect the role of temperature, which must decrease 
the lower limit. Our first choice of a ratio of 2 for our dumbbells was 
based on this calculation. The movie frames in Fig. 4B show how a 
single dumbbell approaches a chiral cluster, then rotates and links 


Figure 3 | Self-assembly of blocks into chains under a magnetic field. 
a-—d, Optical microscope images and their corresponding schematic 
representations. a, Isotropic particles self-assemble into linear chains. 

b, Caps self-assemble by ordering alternatively up and down along the chain 
direction. c, To satisfy both steric and magnetic constraints, symmetric 
dumbbells must rotate by 90° relative to their neighbours along the chain 
and field direction. d, Asymmetric dumbbells self-assemble into a helical 
structure, as a result of the steric hindrance induced by the size difference. 
Magnetic field, 10 mT; scale bars, 1 tum. 
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Figure 4 | Configurations and kinetic pathway for dumbbell assembly. 
A, Schematics showing a pair of dumbbells (a), and the two ways in which a 
third dumbbell could be added to that pair (b and c). B, Optical microscopic 


into the correct helical configuration. Of course, the kinetic pathways 
are complex and require further investigation, including the role of 
entropy and hydrodynamics. Nevertheless, we emphasize that in 
spite of the remaining questions about kinetic pathways and the 
related distributions of chiral isomers, the configurational energy is 
lower for helical stacking when the ratio of sphere sizes is within the 
critical range 2 to 3, and provides insight into the helix formation we 
observe. 

These experiments demonstrate that colloids can build interesting 
conformational isomers. By controlling the shape and interactions 
between colloidal building blocks, a variety of structures can be 
designed. Here we have restricted our efforts to the growth of syn- 
diotactic and chiral structures. We believe, however, that this work 
opens new routes to produce and self-assemble a wide variety of 
structures based on the same principles. Moreover, we believe this 
work could offer some guidance to the assembly of nanoparticles, 
which has interesting optical applications. 


METHODS SUMMARY 


Hydrophilic silica colloids are synthesized by hydrolysis of tetraethylorthosili- 
cate in aqueous solution containing ethanol and ammonia, using a modified 
seeded growth procedure originally described by Stober and Fink'*. The silica 
particles are surface-coated with octyldimethylchlorosilane to redisperse them 
into octane-based ferrofluid. This mixture is then gently emulsified into an 
aqueous phase containing Pluronic F127 surfactant and polyvinylpyrolidone. 
The emulsion is further transformed under controlled shear into a quasi-mono- 
disperse emulsion with globules of diameter ~3 pm (ref. 15). The final diluted 
emulsion is treated with a Rotary Evaporator at 80 °C under reduced pressure for 
2h to evaporate the octane that remains in the globules. Cluster separation is 
obtained with a column that has a density gradient established by stacking 
solutions of various sucrose concentrations in deionized water. After 24h of 
sedimentation, bands are observed and well separated such that they can be 
pumped out with a syringe; each fraction is then magnetically sedimented and 
washed several times. The colloids are examined with an optical microscope 
equipped with a controllable magnetic field induced by coils. For each type of 
building block a 50-um-thick cell is filled with a solution with a 0.01% volume 
fraction of colloidal blocks and allowed to sediment for 1 min. For blocks as in 
parts a, b and c of Fig. 2A, a homogeneous magnetic field of 10 mT is applied. 
Blocks self-assemble instantly. For blocks as in part d (asymmetric dumbbells), a 
field of 10mT is gradually applied over 1 min. This ensures that a larger 
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images showing the kinetic pathway of a dumbbell that diffuses and 
assembles onto a five-dumbbell helix. Scale bar, 1 um. 


proportion of dumbbells assemble within the lower-magnetic-energy configura- 
tion in order to nucleate helices. Colloids in their dried state are imaged with a 
scanning electron microscope in secondary electron mode after sputter-coating 
with gold. 
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Prolonged suppression of ecosystem carbon dioxide 
uptake after an anomalously warm year 


John A. Arnone Ill’, Paul S. J. Verburg’, Dale W. Johnson’, Jessica D. Larsen’, Richard L. Jasoni', 
Annmarie J. Lucchesi’, Candace M. Batts’, Christopher von Nagy’, William G. Coulombe’, David E. Schorran’, 
Paul E. Buck’, Bobby H. Braswell®, James S. Coleman“, Rebecca A. Sherry”, Linda L. Wallace’, Yigi Luo” 


& David S. Schimel® 


Terrestrial ecosystems control carbon dioxide fluxes to and from 
the atmosphere’” through photosynthesis and respiration, a ba- 
lance between net primary productivity and heterotrophic respira- 
tion, that determines whether an ecosystem is sequestering carbon 
or releasing it to the atmosphere. Global’*> and site-specific® data 
sets have demonstrated that climate and climate variability influ- 
ence biogeochemical processes that determine net ecosystem car- 
bon dioxide exchange (NEE) at multiple timescales. Experimental 
data necessary to quantify impacts of a single climate variable, 
such as temperature anomalies, on NEE and carbon sequestration 
of ecosystems at interannual timescales have been lacking. This 
derives from an inability of field studies to avoid the confounding 
effects of natural intra-annual and interannual variability in tem- 
perature and precipitation. Here we present results from a four- 
year study using replicate 12,000-kg intact tallgrass prairie mono- 
liths located in four 184-m? enclosed lysimeters’. We exposed 6 of 
12 monoliths to an anomalously warm year in the second year of 
the study*® and continuously quantified rates of ecosystem pro- 
cesses, including NEE. We find that warming decreases NEE in 
both the extreme year and the following year by inducing drought 
that suppresses net primary productivity in the extreme year and 
by stimulating heterotrophic respiration of soil biota in the sub- 
sequent year. Our data indicate that two years are required for NEE 
in the previously warmed experimental ecosystems to recover to 
levels measured in the control ecosystems. This time lag caused net 
ecosystem carbon sequestration in previously warmed ecosystems 
to be decreased threefold over the study period, compared with 
control ecosystems. Our findings suggest that more frequent 
anomalously warm years’, a possible consequence of increasing 
anthropogenic carbon dioxide levels’®, may lead to a sustained 
decrease in carbon dioxide uptake by terrestrial ecosystems. 
Ecosystem biogeochemical processes that modulate CO, exchange 
between land and atmosphere respond to climate variability at dif- 
ferent timescales. Well known and characterized are the effects of 
seasonal changes in terrestrial net primary productivity (NPP) on 
NEE (the instantaneous net ecosystem CO, flux) that cause intra- 
annual fluctuations in global atmospheric CO, levels’. Less well 
quantitatively understood, however, are potential delayed or lagged 
effects of interannual climate variability—particularly climatically 
anomalous years—on net ecosystem productivity (NEP, the annual 
sum of NEE) that in turn help to determine interannual rates of 
change of atmospheric CO, concentration (refs 11, 12). This inade- 
quate quantitative understanding of lagged responses to climatically 


anomalous years is of particular concern because, as a consequence of 
increasing anthropogenic CO, concentrations (ref. 10), the fre- 
quency and intensity of extreme years are increasing’. 

Although statistical and process modelling of global and site-spe- 
cific temperature, precipitation, [CO ] and NEE data at intra-annual 
and interannual timescales suggest a strong temporal correlation 
between climate variability, vegetation and growth rate of atmo- 
spheric CO, concentration (refs 1, 11, 12), interannual variability 
in both temperature and precipitation makes a quantitative exam- 
ination of underlying ecosystem control mechanisms by using field 
data difficult. The EcoCELL facility at the Desert Research Institute 
uniquely enables: (1) tests of the effects of variability in a single 
climate factor at interannual timescales while simulating natural diel 
and seasonal climate variation; (2) continuous monitoring of NEE 
and ecosystem processes that determine NEE for multiple years; 
and (3) the study of intact soil monoliths with their native plant 
communities”*. 

Key objectives of the present study were to quantify, first, how 
exposure to an anomalously warm year affects ecosystem processes 
that determine NEE and NEP, and thus annual net C sequestration, at 
intra-annual and interannual timescales; second, how intra-annual 
responses and feedbacks shape interannual responses; and third, the 
environmental factors and feedbacks that affect these processes. We 
used tallgrass prairie as a model ecosystem (see Methods). 

During the course of the study, the intact natural ecosystems used 
in the EcoCELLs behaved largely in a fashion representative of 
natural tallgrass prairie ecosystems in the field. Plant canopies 
developed and senesced in a pattern (Fig. le) that followed seasonal 
changes in air temperature, daytime vapour pressure deficit (VPD) 
and rainfall (Fig. 1a, b, d). NEE and evapotranspiration closely fol- 
lowed patterns in plant canopy greenness (Fig. Ic, e, f). 

In the treatment year, ecosystems exposed to temperatures 4 °C 
higher responded with a 7—10-day earlier start of the growing season, 
resulting in a more rapid rise in NEE and evapotranspiration in early 
spring (mid March to early April 2003; Fig. 1c, f). Mean daytime 
VPDs in warmed EcoCELLs immediately doubled when tempera- 
tures were raised, and this increased evapotranspiration in early 
spring 2003 (Fig. 1b, c). By the end of April 2003, NEE peaked almost 
35 days earlier in warmed temperatures than in control temperatures 
(Fig. 1f). This coincided with an increase in mean daytime VPD, a 
disappearance of the treatment effect on evapotranspiration, a 
decline in soil water content (SWC) in surface horizons, and a slow- 
ing of plant canopy development (Fig. 1b-d and Supplementary 
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Rice University, Houston, Texas 77251, USA. “Department of Botany and Microbiology, University of Oklahoma, Norman, Oklahoma 73019, USA. National Center for Atmospheric 
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Fig. 3). Although higher evapotranspiration rates in warmed ecosys- 
tems in early spring led to slightly lower SWC than in control eco- 
systems, significant decreases in SWC became apparent only in July 
2003 (Fig. 1d). Daytime VPDs in warmed EcoCELLs reached levels 
high enough (more than 10 mbar) to decrease leaf stomatal conduc- 
tance (g,)'*"° by late March 2003, more than two months earlier than 
in control EcoCELLs. VPDs in warmed EcoCELLs remained above 
10 mbar twice as long as they did in control EcoCELLs. 

Thus, the earlier decline in NEE observed in warmed ecosystems in 
2003 seems to have resulted, at least initially, from higher daytime 
VPDs that substantially constrained canopy-level CO, uptake’®. The 
importance of VPD as a regulator of canopy conductance (canopy) 
has been demonstrated in a wide range of graminoid-dominated 
ecosystems*’”~'’, and decreases in g, caused by high VPDs"” have been 
shown to decrease canopy’ and leaf-level'* CO; assimilation. Lower 
CO, uptake by the canopy may have led to decreased canopy 
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Figure 1 | Four-year time courses covering pretreatment (11 February 2002 
to 10 February 2003), treatment and post-treatment years. Weekly means 
are shown. a, Air temperature and photon flux density (PFD). b, Daytime 

atmospheric VPD with line at 10 mbar denoting VPD above which g, can be 
strongly decreased. c, Ecosystem evapotranspiration. d, SWC of the 0-30 cm 
layer; bars show applied monthly rainfall (lighter-shaded bar-tops in April 
and May 2002 denote additional rain applied to compensate for below-target 
rainfall in February and March 2002). e, Plant canopy greenness index. 

f, NEE based on 24 h means; positive values indicate net CO, uptake by the 
ecosystem, and negative values net CO; release. Aboveground plant biomass 
harvests are indicated by H, and half-plot harvests by 2H. Open blue circles, 
control ecosystems; filled red circles, treated ecosystems (warmed in 2003). 
Error bars indicate s.e.m. for n = 2 EcoCELLs. 
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development and duration (also see Supplementary Information) 
and thus to a lower NPP, which limited NEE even further in con- 
junction with a decrease in soil CO, efflux®. This VPD response may 
have been exacerbated by drier surface soils in warmed ecosystems 
beginning in May 2003 (Fig. 1d), potentially lowering the apparent g.. 
Decreases in mean weekly NEE observed in warmed ecosystems in 
the treatment year (Fig. 1f) resulted mainly from large decreases in 
daytime NEE (Supplementary Fig. 4a) that may have been due partly 
to higher aboveground plant respiration immediately following the 
step increase in temperature (Supplementary Fig. 4b, inset, and 
Supplementary Information). Hence, immediate and ongoing plant 
physiological responses to increased temperatures and VPDs in 2003 
seem to have contributed to overall declines in annual ecosystem CO, 
balance primarily by decreasing NPP. Canopy green index explained 
between 70% and 78% of the variability observed in mean weekly 
NEE (Supplementary Fig. 6), with canopy clipping in late August 
2003 (and August 2004) eliminating nearly all CO, uptake in all 
ecosystems and eliminating differences in NEE between control 
and warmed ecosystems for the rest of the treatment year (Fig. 1f). 
Persistence of lower SWC in warmed ecosystems into the first 
post-treatment year (2004) (Fig. 1d) may explain the two-week 
slower start in plant canopy green-up and growth in spring of 2004 
than in the controls (Fig. le). Canopy green-up in these ecosystems 
seemed to start only after springtime rains restocked topsoil moisture 
to levels present in unwarmed ecosystems two weeks earlier. In 2004, 
VPD differences between previously warmed and unwarmed ecosys- 
tems disappeared when air temperatures in treated EcoCELLs were 
returned to pretreatment levels (Fig. 1b). In 2005 (the second post- 
treatment year), the start of canopy green-up in previously warmed 
ecosystems was once again delayed (Fig. le). In contrast to the return 
of normal plant canopy development in previously warmed ecosys- 
tems in 2004 after the delayed start, however, plant canopy develop- 
ment in 2005 in previously warmed ecosystems was decreased, but 
not as severely as the decrease observed in 2003. In 2005, decreased 
canopy size did not result in significant decreases in NEE, presumably 
because lower VPDs in 2005 did not constrain g, and g,-modulated 
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(c). Error bars indicate s.e.m. for n = 2 EcoCELLs. 
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leaf photosynthesis as much as higher VPDs in 2003 seem to have 
done. 

Aggregated effects of the warm year included a 63% decrease in 
NEP in 2003, relative to the controls, followed by only a partial 
recovery in NEP in the first post-treatment year (2004; Figs 2a and 
3) and complete recovery in the second post-treatment year (2005). 
Large decreases in NPP in 2003 (Fig. 2a, b) clearly contributed to the 
decrease in NEP in that year (see also Supplementary Information). 
Full recovery of NPP in 2004 enabled a partial recovery of NEP in 
2004. Full recovery of NEP in 2005 occurred despite a two-year 
lagged decrease in NPP. However, this decrease in NPP may, in turn, 
have resulted in decreased C supplies to soil heterotrophs, thus also 
decreasing heterotrophic respiration (R,) and enabling recovery of 
NEP. 

Our results indicate that a lack of complete NEP recovery in 2004 
was caused by a lagged warming-induced stimulation of Rj, (calcu- 
lated as NPP minus NEP; Fig. 2a). Conversely, full recovery of NEP in 
2005 in previously warmed ecosystems was possible only because R, 
of these ecosystems returned to levels measured in the pretreatment 
year in ecosystems assigned to the warming treatment. The absence of 
significant stimulation of R;, in warmed ecosystems in 2003 may have 
been caused by large decreases in the SWC of the uppermost soil 
horizons (Fig. 1d), suppressing soil microbial activity. Stimulation 
of R, in 2004 in previously warmed ecosystems may have resulted 
from a recovery of soil moisture levels (and possibly plant-available 
soil N levels) that enabled a breakdown of undecomposed rhizode- 
posits produced in 2003 along with a breakdown of fresh rhizodepo- 
sits produced in 2004 by fully recovered plant canopies (Fig. le), 
photosynthate supplies and NPP (Fig. 2a, b). Causes of the unexpec- 
ted recurring decrease in NPP and in plant canopy development in 
the second post-treatment year in previously warmed ecosystems are 
unclear but may have included a decrease in labile N caused by the 
previous year’s post-warming rebounding aboveground NPP 
(ANPP) that was harvested in the late summer of 2004. Regardless 
of the cause, the NPP response observed in 2005 and the response 
showing lower Rj, in 2005 in previously warmed ecosystems dem- 
onstrate the potential for longer-term and unexpected lagged res- 
ponses that may affect the CO, balance of an ecosystem. 
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Figure 3 | Actual change in ecosystem annual NEP for control and warmed 
ecosystems from 2002 to 2003, 2002 to 2004, and 2002 to 2005. Results 
are means and s.e.m. (m = 2); the error bar for ‘warmed 2002 to 2003’ was 
+0.11gCm “yr ' and is not visible at the y-axis scale used in the figure. 
This figure also shows a strong warming-induced decrease in annual NEP in 
warmed ecosystems during the treatment year, only partial recovery in 2004, 
and complete recovery in 2005. Open blue columns, control ecosystems for 
2002, 2004 and 2005; filled red columns, treated ecosystems (warmed in 
2003) for 2002, 2004 and 2005. The graph shows that the lagged decrease in 
NEP that occurred in the year after the anomalously warm year was about 
one-third as large as the synchronous warming-induced decrease that 
occurred in the warm year (seen by comparing the first two red bars with 
each other). When accounting for changes in NEP in the control ecosystems 
in both years, however, the true effect was 40% of the immediate effect. 


LETTERS 


Data from this study and other field studies*””* suggest that warm- 
ing affects NEE and thus NEP in the year of the temperature anomaly 
primarily through hydrological feedbacks on plant canopy physi- 
ology (g, and CO, assimilation), development, size (greenness) and 
duration (Fig. 1b, e, f, and Supplementary Figs 6, 7 and 8; see also 
Supplementary Information). In fact, declines in ANPP observed in 
tallgrass prairie in the field in years with low precipitation™ were 
similar to those that we observed in 2003 in response to the warm 
year. The responses we observed in subsequent years seem to have 
been due to more complex interacting feedbacks, which may include 
lagged decomposition of plant residues, carryover effects of the pre- 
vious year’s water deficits, and feedbacks through nutrient cycles. 
The collective result of synchronous and lagged declines in NEP 
observed during the four years of our study was a persistent decrease 
in annual net ecosystem C sequestration (NEP minus C removed in 
annual ANPP harvests that would decompose and release CO.) that 
led to a threefold decrease by the end of the fourth year of the experi- 
ment (2005; Fig. 2c). CO; fluxes measured in our study were realistic 
and comparable to those measured in tallgrass prairie in the field”. 

Taken together, results from this multiyear experiment dem- 
onstrate, first, that the response of ecosystems to climate variability 
seems to be more complex than can easily be inferred from tra- 
ditional experimental and observational approaches; second, that 
an increase in frequency and intensity of anomalously warm years 
may decrease the ability of terrestrial ecosystems to absorb CO, and 
store carbon”***—more than would be expected on the basis of pre- 
vious experimental approaches—and third, that the lagged effects of 
climate anomalies on NEP (less than observed during the year of the 
anomaly) provide a basis for validating timescales and mechanisms 
used in models”’, as well as projecting actual ecosystem C sequest- 
ration and calculating carbon credits across multiple years. 


METHODS SUMMARY 


We installed three large monoliths (2.44 m long, 1.22 m wide and 1.80 m deep) of 
intact soil and their actual plant communities excavated from a C4-dominated 
tallgrass prairie in central Oklahoma, USA (Supplementary Fig. 1; also see 
Supplementary Information) into each of four 184-m? (7.5 m long, 5.5m wide 
and 4.5 m high) daylight EcoCELLs”* that served as both individual controlled- 
environment chambers and large differential open-flow whole-ecosystem gas 
exchange cuvettes enabling the continuous measurement of NEE. Air tempera- 
tures in the EcoCELLs in all four years of the experiment (2002-2005) were 
programmed to follow natural diel and seasonal oscillations based on data col- 
lected at the excavation site from 1993 to 2000 with the temperature in two of the 
EcoCELLs increased by 4 °C (Fig. 1a) in year 2 (the anomalously warm year) and 
then returned to the pretreatment regime in year 3. Annual rainfall was held 
constant in all four years (980 mm) and applied at the average monthly amount 
and natural mean frequency for each month (Fig. 1d). We monitored NEE 
continuously by measuring the difference between the [CO3] in the air entering 
each EcoCELL and the [CO] of the mixed air inside each EcoCELL and mul- 
tiplying this difference by the mass flow of air passing through the EcoCELL 
(20 mols '; see Supplementary Methods). This value was then divided by the 
total land area of the three monoliths to yield NEE in units of pmol CO, m~*s_'. 
The annual NEP for each EcoCELL was calculated as the sum of all NEE values 
measured in an EcoCELL during the year. We measured annual NPP, ANPP and 
below-ground NPP (BNPP). We also continuously monitored evapotranspira- 
tion (daily), SWC (hourly) and plant canopy green index (weekly). Annual R, 
was calculated for each EcoCELL as Ry = NPP minus NEP. Ecosystem C sequest- 
ration was calculated as NEP minus harvested ANPP-C. We analysed treatment 
effects on interannual and intra-annual data sets for all parameters primarily by 
using repeated-measures analysis of variance with each EcoCELL as a replicate 
(n= 2; Supplementary Table 1; also see Supplementary Methods). 
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Counterintuitive carbon-to-nutrient coupling in an 


Arctic pelagic ecosystem 


T. F. Thingstad’, R. G. J. Bellerby*”, G. Bratbak', K. Y. Borsheim’, J. K. Egge’, M. Heldal', A. Larsen’, C. Neill’, 
J. Nejstgaard', S. Norland’, R.-A. Sandaa’, E. F. Skjoldal', T. Tanaka’, R. Thyrhaug’ & B. Topper’ 


Predicting the ocean’s role in the global carbon cycle requires an 
understanding of the stoichiometric coupling between carbon and 
growth-limiting elements in biogeochemical processes. A recent 
addition to such knowledge is that the carbon/nitrogen ratio of 
inorganic consumption and release of dissolved organic matter 
may increase in a high-CO, world’. This will, however, yield a 
negative feedback on atmospheric CO, only if the extra organic 
material escapes mineralization within the photic zone. Here we 
show, in the context of an Arctic pelagic ecosystem, how the fate 
and effects of added degradable organic carbon depend critically 
on the state of the microbial food web. When bacterial growth rate 
was limited by mineral nutrients, extra organic carbon accumu- 
lated in the system. When bacteria were limited by organic carbon, 
however, addition of labile dissolved organic carbon reduced 
phytoplankton biomass and activity and also the rate at which 
total organic carbon accumulated, explained as the result of sti- 
mulated bacterial competition for mineral nutrients. This coun- 
terintuitive ‘more organic carbon gives less organic carbon’ effect 
was particularly pronounced in diatom-dominated systems where 
the carbon/mineral nutrient ratio in phytoplankton production 
was high. Our results highlight how descriptions of present and 
future states of the oceanic carbon cycle require detailed under- 
standing of the stoichiometric coupling between carbon and 
growth-limiting mineral nutrients in both autotrophic and het- 
erotrophic processes. 

The balance between photosynthetic production and microbial con- 
sumption of organic matter in the ocean’s surface layer is not well 
understood, as is illustrated by the present debate on the apparent net 
heterotrophy of the ocean’, and the lack of a good understanding of 
the mechanism by which dissolved organic carbon (DOC) accumu- 
lates in the upper mixed layer’. On the basis of simple models, the 
microbial part of the food web has been suggested to have two possible 
steady states’, characterized by the growth rate of heterotrophic pro- 
karyotes (henceforth, bacteria) being limited by organic carbon (C) or 
by mineral nutrients (hereafter referred to as nutrients), respectively. 
The coupling between autotrophic and heterotrophic processes would 
be expected to differ considerably between these two system states. 

Some of the hypothesized relationships between the structure of 
the microbial food web and consumption of labile organic material 
can be illustrated using the idealized food web’ in Fig. 1. In a food web 
dominated by osmotrophs (phytoplankton and bacteria), there would 
be a strong competition for nutrients combined with little recycling, 
favouring a state where bacterial growth rate is limited by nutrients. 
This situation would be further enhanced if nutrient-stressed phyto- 
plankters excrete carbon-rich, degradable, organic compounds’. In a 
later state of succession with the biomass distribution shifted ‘up’ 


towards phagotrophs, reduced competition and increasing recycling 
would furnish the bacteria with more nutrients, thereby allowing 
increased degradation of labile organic matter and thus favouring a 
shift to states where bacterial growth is limited by the supply of 
organic carbon. The model presented in Fig. 1 further suggests a 
negative interaction between labile organic matter and silicate with 
two extreme outcomes: either silicate leads to increased immobiliza- 
tion of nitrogen (N) and phosphorus (P) in diatom biomass and 
therefore reduces the potential for bacterial consumption of organic 
matter, or an increase in organic matter leads to increased bacterial 
sequestration of nitrogen and phosphorus and therefore to reduced 
diatom growth. It has also been proposed that the heterotrophic 
components of this system, which includes bacteria®, protozoa’ and 
copepods’, are affected more adversely than phytoplankton by low 
temperatures; hence, there is also a potential temperature effect on the 
autotroph-heterotroph balance, potentially important in the present 
situation with the Arctic Ocean feared to be in rapid transition®”. 
To study these hypothesized nutrient—organic carbon interac- 
tions, we conducted a mesocosm study at Ny Alesund, Svalbard 
(79° N) with a design intended to experimentally simulate variable 
organic-carbon/nutrient stoichiometry in the dissolved pool. In 
brief, phytoplankton blooms were induced in eight mesocosm units 
by adding identical daily doses of inorganic nitrogen and phosphorus 
corresponding to the Redfield ratio. The eight units formed two four- 
point gradients, differing in silicate treatment but identical in their 
gradient of addition rates of labile DOC as glucose (0, 0.5, 1 and 3 
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Figure 1 | Idealized microbial food web used to illustrate some of the 
interactions believed to be important in controlling the 
autotroph-heterotroph balance in the photic zone. The mesocosm 
experiment described here investigated the role of biodegradable DOC 
(BDOC) and silicate (Si, dashed arrows) in modifying the cycle of limiting 
nutrients (solid arrows) by potentially constraining the flows through the 
left (bacterial) and right (diatom) side of the network. If the numerical 
response to increased food supply is fast in ciliates, but slow in copepods, this 
will tend to prolong blooms when silicate is available. 
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times the Redfield ratio, respectively, in terms of glucose carbon 
relative to the nitrogen and phosphorus additions). The two gradi- 
ents were parallel in treatment up to day 4.5, when the initial con- 
centration of free silicate became depleted. Thereafter, one gradient 
(—Si, which consisted of units OC, 0.5C, 1C and 3C) received no 
experimental addition of silicate, whereas the other gradient (+Si, 
which consisted of units O0CSi, 0.5CSi, 1CSi and 3CSi) was kept 
silicate-replete. In an initial phase with free nutrients (phase I, up 
to approximately day 5), all units developed in parallel with a near- 
exponential net growth both in chlorophyll a (Fig. 2a; generation 
time f,~1.7d) and in bacterial abundance (f,~1.8d, see 
Supplementary Information). After nutrient depletion (phase II, 
days 5-12), development in the different treatments diverged (Fig. 2). 

Phytoplankton community composition developed differently in 
the two gradients, with mixed, flagellate-dominated communities in 
the -Si mesocosms and communities dominated by a small 
(<10 pm) diatom (Thalassiosira sp.) in +Si mesocosms. Assuming 
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Figure 2 | Time course of bloom development. a—c, Chlorophyll a (a, all 
eight mesocosm units) and TOC (b, —Si gradient; c, + Si gradient). The 
vertical dashed line denotes the approximate time of transition to mineral 
nutrient depletion. The regression lines for days 5-12 used to calculate TOC 
accumulation rates are shown in b and c. The solid lines in b and ¢ indicate 
the TOC concentration calculated assuming glucose addition as in 3C and 
3CSi, combined with no biological consumption. 
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a slower numerical response in the diatom-to-copepod than in the 
corresponding autotrophic flagellate-to-ciliate succession, the model 
in Fig. 1 predicts larger and more prolonged blooms in the +Si 
gradient than in the —Si gradient. This is consistent with observations 
towards the end of phase I, when chlorophyll a concentrations were 
higher in OCSi and 0.5CSi than in 0C and 0.5C, respectively (Fig. 2a). 
In both units without glucose addition (0C and 0CSi), gross primary 
production (24uUMC per day and 76uMC per day, respectively) 
exceeded the carbon fixation value (~18 11M Cper day) obtained 
from converting nutrient addition rate using the Redfield ratio. 
Part of this excess is presumably reflecting internal recycling of nutri- 
ents, but the high value in 0CSi (4.2 times the Redfield ratio com- 
pared to nutrient addition) suggests a high carbon fixation relative to 
nutrient uptake in nutrient-stressed diatoms’. 

The system response pattern shifted character at a glucose addition 
rate of approximately 1 times the Redfield ratio (Fig. 3). For glucose 
addition rates <1 times the Redfield ratio, increased glucose supply 
consistently gave negative trends in parameters related to primary 
production, particularly pronounced in the +Si gradient. This is seen 
both as a decrease in chlorophyll a (Figs 2a and 3a) and in gross 
primary production (Fig. 3b; for statistical considerations, see 
Supplementary Information). The net consequence for the system’s 
carbon balance was a reduction in accumulation rates of total organic 
carbon (TOC; Figs 2b, c and 3g). In the +Si gradient, this ‘more 
organic carbon gives less organic carbon’ effect gave a reduction of 
38 uM C per day in TOC accumulation rate, more than twice the 
corresponding increase in glucose addition rate between 0 times 
and | times the Redfield ratio of 18 uM glucose-C per day (Fig. 3g). 
Within the framework of the idealized model (Fig. 1), this can be 
explained as the reduction in primary production being mediated by 
means of nutrient competition from carbon-limited bacteria, able to 
sequester more nutrients when supplied with more glucose. A high 
carbon/nutrient ratio in diatom primary production would explain 
the strong enhancement of the effect in the +Si gradient. In the -Si 
gradient, there was a similar, but less pronounced, negative trend in 
TOC accumulation (reduction between 0 times and 1 times the 
Redfield ratio = 4.1 uM glucose-C per day). 

For glucose addition rates beyond 1 times the Redfield ratio, effects 
on chlorophyll levels were minor (Fig. 3a). This is suggested to reflect 
a shift to nutrient-limited bacterial growth. Extra additions of organic 
carbon to a system where bacterial growth is already nutrient-limited 
(organic carbon replete) would not be expected to have major con- 
sequences for trophic interactions. The main expected effect would be 
an accumulation of the additional supply as non-degraded (possibly 
transformed) organic carbon’. From 1 times to 3 times the Redfield 
ratio, the observed increase in accumulation rate of TOC was 
~25 uM C per day in both gradients (Fig. 3g). This is smaller than, 
but comparable to, the corresponding increase in glucose addition 
rate of ~36 UM C per day, consistent with this expectation. 

Bacterial abundance (Fig. 3c), community respiration (Fig. 3d) 
and leucine incorporation (Fig. 3e) all increased along the gradients, 
mirroring the negative effect on phytoplankton. The overall result 
was a shift towards net heterotrophy between 0.5 times and 1 times 
the Redfield ratio in both gradients (Fig. 3f). A conversion of leucine 
incorporation (Fig. 3e) to nitrogen consumption assuming 1.5 kg C 
per mol leucine” and a molar nitrogen/carbon ratio of 0.27 in marine 
bacteria", indicates that bacterial nitrogen consumption increased 
from about 11% to about 120% of added nitrogen from one end of 
the gradients to the other, supporting the proposed switch in phyto- 
plankton-bacteria nutrient partitioning. For organic material to 
accumulate in situations with carbon-limited bacteria, the material 
should be unavailable to bacteria. The high accumulation rates of 
TOC in 0CSi and 0.5CSi therefore indicates that a high proportion of 
the material produced autochthonously is unavailable to bacteria 
over the timescale studied here; this may be unavailable either 
because of its chemical form or because of physical protection (for 
example, inside diatoms). Bacterial abundance (Fig. 3c), community 
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Figure 3 | Ecosystem responses to glucose. The average of one 
measurement per day for days 5-12 for autotrophic (a, b) and heterotrophic 
(c-e) food-web components, and their balance along the —Si (open circle) 
and +Si (filled circle) gradients (f). (a, Chlorophyll a; b, gross production; 
c, bacterial abundance; d, community respiration; e, leucine incorporation; 
f, net community production.) The dotted vertical line indicates shift from 
carbon-limited to nutrient-limited bacterial growth with qualitatively 
different responses in TOC accumulation rates to increasing glucose 
addition rate in the two regions (g). Error bars, s.e.m.; n = 8 in a, ¢ and 

e, n = 4 in b, d and f. Error bars in g represent standard error of slopes of 
linear regressions (n = 7) in Figs 2b, c. 


respiration (Fig. 3d) and leucine incorporation (Fig. 3e) continued to 
increase when glucose addition rates were increased into the region 
with presumed nutrient limitation of bacterial growth (higher values 
in 3C and 3CSi than in 1C and 1CSi, respectively). This may be 
indicative of changes in bacterial carbon/nutrient stoichiometry with 
changes in substrate stoichiometry”’, and therefore also of a more 
diffuse shift between the two system states than indicated by the 
dotted vertical line drawn in Fig. 3. 

In the Arctic, concentrations of labile DOC in river input can be 
large’’, reaching levels comparable in magnitude to the sum of DOC 
added throughout our experimental period in the high-level (3C and 
3CSi) treatments. However, the ‘more organic carbon gives less 
organic carbon’ effect occurs at low glucose addition rates. Our 
results are therefore also relevant to environments without extreme 
inputs. Although our experiment mimics the situations with 
allochthonous input of organic carbon, we do, however, see its prim- 
ary importance in the illustration of how internal trophic control 
mechanisms of the microbial food web work as a function of chan- 
ging stoichiometric ratios in the dissolved pool. 

The present indication is that natural systems may exist in both of 
the two states of bacterial growth rate limitation’*”’°. Our experiment 
demonstrated large differences in both fate and effects of degradable 
organic carbon, depending on these states. The general principles of 
the trophic interactions involved should apply to both marine and 
limnic”’ pelagic systems at any latitude, but one aspect is particularly 
relevant to the Arctic: any analysis of the relationship between 
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temperature and bacterial growth would be very different, depending 
on whether bacterial growth is controlled by the system’s production 
of labile DOC, or by the parameters determining bacterial success in 
algal—bacterial competition for nutrients. 

With changes expected in ice cover and density profiles in the 
Arctic Ocean’’, temperature, light conditions and vertical stability 
are likely to change, potentially leading to altered rate and composi- 
tion of nutrient supply to the photic zone, and thus altered condi- 
tions for algal—bacterial competition. The differences between the 
+Si and -Si gradients in our experiment highlight the complex role 
of silicate in these interactions. With depth of the silica-cline sensitive 
to the sinking characteristics of the diatom community”, and a role 
of silicate in the balance between carbohydrate-producing 
Phaeocystis and diatoms”, silicate would seem to have a large poten- 
tial for changing the ratio between availability of organic carbon and 
nitrogen to the heterotrophic prokaryotic community. Models aspir- 
ing to capture present and to predict future carbon cycles in the 
Arctic therefore clearly require a correct understanding of the stoi- 
chiometric coupling between carbon and limiting nutrients, not only 
in the autotrophic but also in the heterotrophic parts of the food web. 


METHODS SUMMARY 


Commercial, 1 m’, translucent polyethylene tanks were used as mesocosm contain- 
ers. For details of the mesocosm set-up, see Supplementary Information. Gross 
production, respiration and net community production were measured as oxygen 
changes in light-dark, 24-h-incubated, bottles. Chlorophyll was measured fluoro- 
metrically, TOC was measured by high-temperature catalytic oxidation, and leu- 
cine incorporation was measured by the centrifugation method as incorporation of 
?H-leucine in 1.5-ml samples. Bacterial abundance was counted by flow cytometry. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Nutrients. Soluble reactive phosphorous and silicate were determined according 
to refs 21 and 22, respectively. Ammonium was measured fluorometrically using 
a Turner Designs Model 10-AU equipped with optical kit number 10-303, fol- 
lowing a previously reported protocol’’. Owing to analysis failure there are no 
ammonium data available from day9 onwards. Nitrate was determined on 
stored samples fixed with chloroform (approximately 200 pl per 20 ml sample) 
and kept refrigerated until measured by an autoanalyser. No detectable nitrate 
was found (data not shown). 

Turnover times. Uptake rate of orthophosphate was measured using **P-ortho- 
phosphate (ref. 24). **P-orthophosphate (Amersham, 370MBqml ') was 
added to samples at a final concentration of 125pmoll~'. Samples for the 
subtraction of the background and abiotic adsorption were fixed with 100% 
trichloroacetic acid (TCA) before isotope addition. Samples were incubated in 
the dark at in situ temperature. The incubation time varied between 20s and 
190 min (short enough to assure a linear relationship between the fraction of 
isotope adsorbed and the incubation time, but long enough to reliably detect 
isotope uptake above background levels). Incubation was stopped by a cold chase 
of 100 mmoll~' KH3PO, (final concentration, 1 mmoll~'). Samples were fil- 
tered onto 25-mm polycarbonate filters with 0.2-lym pore sizes, which were 
placed ona Millipore 12-place manifold with Whatman (GE/C) glass fibre filters 
saturated with 100 mmoll~' KH5PO, as support. After filtration, filters were 
placed in polyethylene scintillation vials with Counting cocktail (Ecoscint A, 
National Diagnostics), and were radio-assayed. After the radioactivities of the 
filter were corrected for those of the blank filter obtained from fixed samples, 
Tipoay was calculated as Tjpo4) = —t/In(1 — f), where fis the fraction (no dimen- 
sion) of added isotope collected on the 0.2 um filter after the incubation time (t). 

Uptake rate of glucose was measured using '*C-glucose (ref. 25, modified by 
ref. 26). D-[U-C] -glucose (Amersham, 7.4 MBq ml ') was added to samples at 
a final concentration of 100 nmoll'. After 1 h of incubation in the dark at in situ 
temperature, the sample was split into two. Particulate 'C (>0.2 um) uptake 
was measured on 10 ml samples filtered on 0.2-t1m pore-size cellulose nitrate 
filters, and '*C-CO, was absorbed on 25 mm Whatman (GE/F) glass fibre filters 
with 250 ul phenetylamine fixed inside the cap of 20-ml polyethylene scintil- 
lation vials containing 10 ml. Filters were placed in polyethylene scintillation 
vials with Counting cocktail (Ecoscint A, National Diagnostics) and were 
radio-assayed. Turnover time of glucose was calculated as the inverse of the 
fraction of added isotope consumed per hour. 

Chlorophyll a was measured fluorometrically’’. Alternating every second day, 
triplicate samples or a single sample of 100 ml water from each tank was filtered 
onto Nucleopore filters (47 mm diameter, 0.22 [1m pore size). The filters were 
extracted in 90% acetone, at 4°C for 10-12h, before analysis on a Turner 
Designs 10-AU Fluorometer calibrated with pure chlorophyll a (Sigma 
Chemicals Inc.). 

Net community production and community respiration were measured as 
oxygen production and consumption using light/dark 125-ml biological oxygen 
demand (BOD) bottles incubated in situ for 24h. Gross primary production was 
calculated by subtraction. Two light and two dark bottles were used for each 
measurement. Oxygen concentration was measured before and after incubation 
in all bottles using the OxyMini optode system (World Precision Instruments) 
with the O5-sensitive membrane glued to the inside wall of the BOD bottles. To 
get the integrated 24h response to the nutrient additions, samples for these 
measurements were collected after addition of nutrients and mixing of the 
mesocosms. Assuming ammonium to be the major nitrogen source, oxygen rates 
were converted to carbon rates using a photosynthetic quotient of 1 (ref. 28). 
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Total bacterial and viral numbers were determined using the FacsCalibur flow 
cytometer (Becton Dickinson) equipped with an air-cooled laser providing 
15mW at 488nm with standard filter set-up. The samples were fixed with 
glutaraldehyde at a final concentration of 0.5%. For bacterial counts the samples 
were stored at 4 °C until analysis the same day, whereas viral samples were fixed 
for 30 min at 4 °C, snap-frozen and stored in liquid nitrogen until further ana- 
lysis. Each sample was diluted from 10- to 1,000-fold (two to three different 
dilutions) in 0.2 1m filtered 1X TE buffer and stained with SYBR Green I 
(Molecular Probes Inc.) for 10 min in the dark, with bacteria at room temper- 
ature and viruses at 80 °C (ref. 28). The samples were analysed for 1 min at a flow 
rate of around 50 ul min ! and events rates between 50 and 1,000 with the 
discriminator set on green fluorescence. Discrimination of bacteria and virus 
populations was based on groups observed in scatter plots of side scatter signal 
versus green DNA dye fluorescence (SYBR Green I). 

Rates of bacterial production were determined by incorporation of tritium- 
labelled leucine*’ using the centrifugation procedure of ref. 31. Triplicate sam- 
ples and one prefixed control sample were incubated with *H-Leu (4,27 TBq 
mmol _!, Perkin Elmer) at a final concentration of 60 nM. Incubation was per- 
formed in the dark at in situ temperature for 1h. Samples were fixed with 5% 
TCA, final concentration, and then centrifuged at 14,000g for 10 min before 
removal of the supernatant. The samples were washed twice by adding 5% 
TCA, vortex, centrifugation and removal of supernatant. Counting cocktail 
(Ecoscint A, National Diagnostics) was added and the uptake of radioactive 
leucine was measured by scintillation counting. 

Total organic carbon was measured using high temperature catalytic oxida- 
tion”. 
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Platelet-derived growth factor-o receptor activation 
is required for human cytomegalovirus infection 


Liliana Soroceanu’, Armin Akhavan! & Charles S. Cobbs!” 


Human cytomegalovirus (HCMV) is a ubiquitous human herpes- 
virus that can cause life-threatening disease in the fetus and the 
immunocompromised host’. Upon attachment to the cell, the 
virus induces robust inflammatory, interferon- and growth-fac- 
tor-like signalling”. The mechanisms facilitating viral entry and 
gene expression are not clearly understood’. Here we show that 
platelet-derived growth factor-a receptor (PDGFR-a) is specif- 
ically phosphorylated by both laboratory and clinical isolates of 
HCMV in various human cell types, resulting in activation of the 
phosphoinositide-3-kinase (PI(3)K) signalling pathway. Upon 
stimulation by HCMV, tyrosine-phosphorylated PDGFR-a associ- 
ated with the p85 regulatory subunit of PI(3)K and induced pro- 
tein kinase B (also known as Akt) phosphorylation, similar to the 
genuine ligand, PDGF-AA. Cells in which PDGFR-a was genetic- 
ally deleted’® or functionally blocked were non-permissive to 
HCMV entry, viral gene expression or infectious virus production. 
Re-introducing human PDGFRA gene into knockout cells restored 
susceptibility to viral entry and essential viral gene expression. 
Blockade of receptor function with a humanized PDGFR-a block- 
ing antibody (IMC-3G3)" or targeted inhibition of its kinase activ- 
ity with a small molecule (Gleevec)'” completely inhibited HCMV 
viral internalization and gene expression in human epithelial, 
endothelial and fibroblast cells. Viral entry in cells harbouring 
endogenous PDGFR-« was competitively inhibited by pretreat- 
ment with PDGF-AA. We further demonstrate that HCMV gly- 
coprotein B directly interacts with PDGFR-a, resulting in receptor 
tyrosine phosphorylation, and that glycoprotein B neutralizing 
antibodies’? inhibit HCMV-induced PDGFR-«a phosphorylation. 
Taken together, these data indicate that PDGFR-@ is a critical 
receptor required for HCMV infection, and thus a target for novel 
anti-viral therapies. 

HCMV, a B-herpesvirus, is the most common cause of congenital 
infection and an important pathogen in immunocompromised indi- 
viduals’. Viral attachment elicits a potent cellular interferon-like res- 
ponse”*** which activates downstream growth-factor-like receptor 
tyrosine kinase (RTK) and integrin signalling pathways*'*. HCMV 
modulation of the PI(3)K/Akt pathway is an important mechanism 
of apoptotic inhibition, ensuring long-term virus survival’®. Prior 
evidence suggested that HCMV activation of human epidermal 
growth factor receptor (EGFR), in conjunction with integrin co- 
receptors, facilitates activation of downstream signalling molecules 
such as PI(3)K/Akt, phospholipase Cy and focal adhesion 
kinase'*'”!8, However, we and others demonstrated that EGFR is 
not required for cellular expression of HCMV-essential genes, or 
for virus-induced signalling'’”®. Instead, we found that upon short- 
term infection of human cells, HCMV caused phosphorylation of an 
approximately 180-kDa protein, distinct from EGFR, that could be 
co-immunoprecipitated with the p85 regulatory subunit of PI(3)K"’. 


Therefore, we hypothesized that another, as yet undiscovered, RTK 
might be activated by HCMV and mediate viral entry and expression. 

To identify this putative RTK, we used a human phospho-specific 
RTK antibody array to screen human embryonic lung fibroblasts 
(HELs) that were either mock- or HCMV (Towne strain)-infected 
for 10 min. Only PDGFR-« was highly tyrosine phosphorylated upon 
infection with HCMV (Fig. 1a). Western blot analyses of these same 
protein lysates using a different phospho-specific antibody for 
PDGFR-« corroborated this observation (Fig. 1b). Independent 
quantitative enzyme-linked immunosorbent assays (ELISAs) con- 
firmed PDGFR-« phosphorylation by Towne, AD169 and TR™ 
strains (Fig. lc). HCMV did not induce tyrosine phosphorylation 
of the related RTK, PDGFR-f (Supplementary Fig. 1). Ultraviolet- 
inactivated HCMV induced PDGFR-« phosphorylation, whereas 
virus inactivated by heat did not (Supplementary Fig. 2). 

To determine whether the HCMV-induced PDGFR-« phosphor- 
ylation was cell-type specific, we used U87 glioma (neuro-epithelial 
origin), HEL (fibroblast) and human umbilical vein endothelial cells 
(HUVECs, mesenchymal origin). In all three cell types, infection with 
HCMV Towne induced PDGFR-« phosphorylation, similar to the 
genuine ligand (Fig. 1d). 

Based on these data, we hypothesized that PDGFR-« was the 
approximately 180 kDa protein we previously identified associated with 
the p85 regulatory subunit of PI(3)K, upon HCMV attachment’. To 
confirm this, we conducted co-immunoprecipitation experiments in 
HCMV or mock-infected cells. Immunoblotting of p85"!* immuno- 
precipitated proteins and whole-cell lysates with antibodies specific for 
PDGFR-« and phosphotyrosine indicated that PDGFR-« was tyrosine 
phosphorylated and associated with p85°"* upon HCMV short-term 
stimulation (Fig. 2a). Specificity of PDGFR-« phosphorylation by the 
Towne, AD169 and TR strains was examined in the presence or absence 
of IMC-3G3, a humanized PDGFR-« blocking antibody (ImClone"). 
Pretreatment with IMC-3G3 significantly inhibited PDGFR-« phos- 
phorylation induced by all HCMV strains tested (Fig. 2b). To invest- 
igate HCMV-induced activation of the downstream PI(3)K/Akt 
signalling pathway, we used both the IMC-3G3 antibody and a 
PDGFR-« kinase inhibitor, imatinib mesylate (Gleevec'’), to block 
either PDGFR-« binding or its activation. Akt phosphorylation induced 
by either HCMV or PDGF-AA was abolished by IMC-3G3 and Gleevec 
(Fig. 2c). An isotype-matched negative control antibody did not inhibit 
HCMV- or PDGF-induced PDGFR-« or Akt phosphorylation (not 
shown). Thus, blocking PDGFR-« or inhibiting its activity prevents 
HCMV-mediated activation of the PI(3)K/Akt signalling pathway, an 
important pathway in the HCMV viral life cycle’. 

To determine whether PDGFR-« is critical for viral internalization 
and gene expression, we used a well-characterized viral entry assay to 
measure internalization of the pp65 viral tegument protein after 
HCMV-treated cells were shifted from 4°C to 37°C”. We used 


'Department of Neurosciences, California Pacific Medical Center Research Institute, Suite 220, 475 Brannan Street, San Francisco, California 94107, USA. *Department of 
Neurological Surgery, University of California, San Francisco, 787 Moffitt, 505 Parnassus Avenue, San Francisco, California 94143, USA. 
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human and murine cells engineered to knockout, knockdown or 
overexpress PDGFR-«. As shown in Fig. 3a, 60 min after shifting to 
37 °C, HEL cells demonstrate evidence of viral internalization, indi- 
cated by immunostaining of nuclear pp65 in over 65% of cells per 
microscopic field (top row). Short interfering RNA (siRNA)- 
mediated knockdown of PDGFR-z« (Fig. 3a, lowest two rows) caused 
near-complete blockade of viral internalization, compared with the 
non-targeting, control siRNA-treated cells (P<0.001, Fig. 3b). 
Similarly, murine fibroblasts obtained from embryos of Pdgfra 
knockout mice'® (embryonic lethal) showed no pp65-positive nuclei 
(Fig. 3a, second row) whereas in fibroblasts from parental strain 
(325S) over 25% of cells were pp65 positive (Fig. 3a, third row). 
Re-introducing human PDGFRA into the knockout cells restored 
and augmented HCMV internalization in these cells (Fig. 3a, fourth 
row, 80% of cells are pp65 positive) even compared with positive 
control cells (Fig. 3b, P< 0.01, Student’s “test). 

To determine whether genetic ablation of PDGFR-« prevents cel- 
lular expression of essential HCMV gene products, we measured 
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Figure 1| HCMV induces tyrosine phosphorylation of human PDGFR-a. 

a, Lysates of mock-or HCMV-treated cells were hybridized to a human 
phospho-RTK array. HCMV phosphorylates PDGFR-« (arrow). b, Western 
blot of HELs stimulated with mock, HCMV, or PDGF-AA, with indicated 
antibodies. c, Phospho-PDGFR-«-specific ELISA of HELs stimulated with 
indicated HCMV strains and PDGF-AA (dotted line corresponds to 

4,000 pg ml! phospho-PDGEFR-«). Mean absorbance values (n = 6) + s.d. 
are shown. d, Immunofluorescence of pp65 and phospho-PDGFR-« in 
indicated cells stimulated with mock, HCMV or PDGF. Nuclei are stained 
with 4,6-diamidino-2-phenylindole (DAPI). 
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expression of IE] (UL123) in murine cells, as well as IE1 and pp65 
(UL83) in human cells after infection with HCMV. Viral gene 
expression was undetectable in the PDGFR-« knockout murine cells 
(Fig. 3c) and in the human HEL cells pretreated with PDGFRA 
siRNA(Fig. 3d), compared with controls. Prolonged activation of 
human PDGFR-« by HCMV resulted in downregulation of receptor 
levels, consistent with a recent report” (Fig. 3d, upper panel, lane 2, 
in control siRNA-treated cells). IE1 expression was also undetectable 
after infection of the PDGFR-« null mouse fibroblasts with the 
AD169 strain, indicating that this effect is not strain specific (data 
not shown). Pretreatment with PDGFR-« blocking agents IMC-3G3 
antibody and Gleevec completely inhibited HCMV IE1 protein 
expression in human HEL and U87 glioma cells (Fig. 3e) as well as 
in HUVECs (Supplementary Fig. 3). 

We next investigated whether PDGFR-« expression was required 
for production of infectious virus using siRNA knockdown of 
PDGFR-« in HEL cells and a Towne-green fluorescent protein 
(GFP )-expressing virus” for visualization of infected cells and plaque 
formation. Forty-eight to sixty hours after siRNA transfection, HEL 
cells were exposed to HCMV for 1h and monitored daily under a 
fluorescence microscope. Duplicate cultures were used for IE] stain- 
ing at 12h after infection, whereas a third set of cultures was used to 
measure plaque formation (Supplementary Figs 4 and 5). Six days 
after infection, supernatants of these cells were used to infect naive 
HEL cells and assess production of infectious virus (Fig. 3f and 
Supplementary Fig. 4). We found near-complete inhibition of both 
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Figure 2 | HCMV activates the PI(3)K/Akt pathway in a PDGFR-c- 
dependent manner. a, HEL cells stimulated with HCMV or PDGF-AA were 
subjected to immunoprecipitation and western blot analyses with indicated 
antibodies. b, Phospho-PDGFR-« ELISA of cells with or without 
pretreatment with IMC-3G3 (10 ug ml’, 2h) followed by HCMV 

(MOI = 1) or PDGF (10 ng ml _') for 10 min. Mean values (n = 6) + s.d. are 
shown. c, Western blot of HEL mock, HCMV or PDGF-AA stimulated 

(10 min), with or without IMC-3G3 (2 ug ml ') or Gleevec (100 nM). The 
same membrane was used for p-Akt®* *”° and Akt. 
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viral gene expression and infectious virus production in cells that did 
not express PDGFR-« at the time of infection. Plaque formation in 
HEL cells was also completely blocked by PDGFR-« knockdown 
(Supplementary Fig. 5). 

To determine the relative importance of PDGFR-« versus down- 
stream PI(3)K activation for viral gene expression and infectious 
virus production, we performed a series of experiments using 
pl10x'"* (also known as PIK3CA) siRNA and non-targeting 
siRNA-treated cells. Suppression of the PI(3)K pathway by p1100 
knockdown resulted in a delay in viral gene expression, yet allowed 
viral entry and infectious virus production, albeit at lower levels than 
controls, which is in agreement with previous studies using PI(3)K 
inhibitors (Supplementary Fig. 6). These data indicate that 
although PI(3)K activation is important for the HCMV life cycle, 
expression of a functional PDGFR-« is essential. 

We next tested whether the authentic PDGFR-« ligand inhibits viral 
entry. Pretreatment with PDGF-AA significantly decreased HCMV 
entry in HEL cells, suggesting that PDGF-AA competes with an 
HCMV protein (Supplementary Fig. 7). Because HCMV envelope 
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glycoprotein B (UL55) mediates viral entry and cellular signalling”*”’, 
we investigated whether glycoprotein B is the viral moiety directly 
interacting with PDGFR-«. Using a modified attachment assay, we 
found that a purified glycoprotein B peptide was internalized in mouse 
cells overexpressing human PDGFR-«, but not in PDGFR-« null cells 
(Fig. 4a). To demonstrate a direct interaction between PDGFR-« and 
glycoprotein B, we performed co-immunoprecipitation experiments 
using HEL cells that endogenously express PDGFR-« and purified 
recombinant full-length glycoprotein B**. Reciprocal immunoblot 
analyses (Fig. 4b, c) demonstrate that glycoprotein B and PDGFR-« 
co-immunoprecipitate, indicating direct association between PDGFR- 
o and glycoprotein B as a bona fide mechanism for attachment/inter- 
nalization of HCMV into the host cells. Using phosphor-PDGFR-« 
ELISA and western blot approaches, we found that full-length gly- 
coprotein B induced PDGFR-« phosphorylation (Fig. 4d, e). 
Furthermore, two different glycoprotein B neutralizing antibodies” 
significantly inhibited HCMV-induced PDGFR-« tyrosine phosphor- 
ylation (Fig. 4d, e), indicating that the PDGFR-o- 
glycoprotein B interaction is functionally relevant. Isotype control 
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Figure 3 | Human PDGFR-g is required for HCMV entry, IE1 expression and 
infectious virus production. a, pp65 immunofluorescence after HCMV 
treatment (1h, 4 °C) followed by shifting to 37 °C for indicated times. Rows 
represent (top to bottom): HELs, PDGFR-« null fibroblasts, parental 
fibroblasts, null fibroblasts overexpressing hPDGFR-«, HELs transfected 
with control or PDGFRA siRNA. Nuclei were stained with DAPI. 

b, Average + s.d. pp65 positive per 100 cells counted in triplicate from 

a. c, Mock- or HCMV-infected cells were analysed by western blotting with 
the indicated antibodies. Lanes 1—4 indicate HELs, 3258, PDGFR-~ null and 
PDGFR-« null overexpressing hPDGFR-«, respectively. d, HELs transfected 


with control or PDGFRA siRNA were mock (lanes 1) or HCMV- treated 
(lanes 2) and subjected to western blots with indicated antibodies. e, Western 
blot of HEL and U87 lysates after infection with mock (lanes 1), HCMV 
(lanes 2) or HCMV pretreated with IMC-3G3 (10 Lg ml_!, 12h, lanes 3) or 
Gleevec (100 nM, 1h, lanes 4). f, PDGFRA siRNA-treated cells infected with 
indicated HCMV strains and immunostained for IE] 12h after infection 
(primary infection). Six days after infection, supernatants were used to infect 
naive HEL cells, followed by IE1 immunostaining and quantification 
(secondary infection). Average (n = 6) values + s.d. are shown. 
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Figure 4 | HCMV Glycoprotein B binds and activates PDGFR-a. 

a, Immunofluorescence detection of glycoprotein B (upper panels) and 
PDGEFR-« (lower panels) in PDGFR-« knockout (KO) cells and PDGFR-« 
overexpressing (OE) cells, after incubation with the glycoprotein B peptide 
or mock treatment. Reduced PDGFR-« surface staining in glycoprotein-B- 
treated cells is likely due to receptor internalization. 

b, c, Immunoprecipitation of PDGFR-« and glycoprotein B from HEL 
lysates and full-length soluble glycoprotein B alone or pre-incubated 
together. Immunoprecipitates were subjected to western blot with the 
indicated antibodies. d, ELISA measurements of human PDGFR-« 
phosphorylation after stimulation with HCMV (MOI = 1), PDGF 

(10ng ml’) or recombinant soluble glycoprotein B (30 pg ml ') in the 
presence or absence of glycoprotein B neutralizing antibodies 7-17 and Mab 
758 (5 Lg ml '); bars, + s.d. e. Portions of the same lysates used in d were 
analysed by western blot with indicated antibodies. 


antibodies or neutralizing antibodies against other viral glycoproteins 
(glycoproteins H and N) did not prevent HCMV-induced receptor 
activation (not shown). 

Overall, data presented here indicate HCMV requires PDGFR-« 
binding and activation for viral internalization, expression of essential 
viral genes, production of infectious virus and activation of down- 
stream PI(3)K/Akt signalling. These findings do not exclude a poten- 
tially important role for other co-receptors during HCMV 
internalization and expression, such as integrin receptors. We demo- 
nstrate that viral interaction with PDGFR-« is facilitated by direct 
binding of the viral glycoprotein B to PDGFR-«. We further show that 
blockade of the PDGFR-« receptor pathway with pharmaceutical 
agents currently in human use may prove a powerful antiviral strategy 
for the management of HCMV-related disease. Because both PDGFR-o 
and HCMV play important roles in the pathophysiology of human 
development, inflammation, vascular disease and cell-proliferative dis- 
orders, an increased understanding of their interaction may elucidate 
novel molecular mechanisms underlying these conditions. 
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METHODS SUMMARY 

Cells and viruses. PDGFR-« knockout and parental 325S mouse fibroblasts were a 
gift from M. Tallquist (Southwestern University'®). Although HCMV is a human- 
specific virus and cannot be propagated in murine cells, HCMV internalization 
and HCMV immediate early viral gene expression occur in murine cells”. CDNA 
for human PDGFRA was obtained from C. Heldin (Upsala University). HCMV 
strains AD169 and Towne (American Type Culture Collection, ATCC) were pro- 
pagated in HELs for less than five passages. HELs were infected at a multiplicity of 
infection (MOI) of 1 (in serum-free media) and cell supernatant was collected over 
a period of 5-7 days after infection, when the cytopathic effect was about 100%. 
Virus-containing media were first centrifuged (1,500g) to remove cell debris and 
further concentrated using a sucrose gradient centrifugation (80,000g, 4°C) as 
described*®. Virus stock aliquots were kept at —80 °C. Mock controls were gener- 
ated in parallel by conditioning and processing uninfected cultures identically. TR 
HCMV clinical isolate and GFP-CMV were obtained from W. Britt. 

siRNA experiments. HELs were transfected with 100nM of either the ‘smart 
Pool’ siRNA to human PDGFRA, human p110z°"* or the non-targeting siRNA 
pool (Dharmacon) using standard Lipofectamine 2000 reagent protocol 
(Invitrogen). Seventy-two hours after transfection, siRNA-transfected cells were 
HCMV- or mock-infected. PDGFR-o or p1100°"* expression levels were 
measured using standard western blot and immunofluorescence analyses (anti- 
bodies from Cell Signalling). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell culture, plasmids, transfection and additional HCMV strains. HELs, U87 
glioma and HUVECs were obtained from ATCC and maintained in DMEM plus 
10% FCS, except for HUVECs which were grown in endothelial cell media 
(Cascade Biologicals), plus growth factors. Mouse PDGFR-« knockout cells were 
transfected with human PDGFRA cDNA using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instructions. Towne-GFP (from W. Britt, 
University of Alabama at Birmingham) is a recombinant HCMV strain that 
expresses GFP under the early promoter UL127, as previously described”’. 
Virus titres were determined by IE1 immunohistochemical staining, as previ- 
ously described’. Optimization of siRNA cell delivery was performed by co- 
transfecting with the targeting siRNA pools (for example, PDGFRA siRNA) and 
fluorescently labelled oligonucleotides (siGLO-RISC free, Dharmacon) that 
localize to the nucleus and allow assessment of uptake into cells. Targeting 
siRNA oligonucleotides and siGLO were mixed 1:1 (50 nM each) with different 
amounts of Lipofectamine 2000. Twenty-four hours later, cells were fixed, coun- 
terstained with DAPI and counted. The average number of green fluorescent cells 
(a measure of transfection efficiency) was between 72% and 84% (from a total of 
100% DAPI-positive nuclei). 

siRNA sequences. The sequences are listed 5’-3’. PI(3)K p1l0z: 
GCGAAAUUCUCACACUAUU; GUGGUAAAGUUCCCAGAUA; GCUUAGA 
GUUGGAGUUUGA; GACCCUAGCCUUAGAUAAA. Human PDGFRA: CG 
AGACUCCUGUAACCUUAUU; GAGCUUCACCUAUCAAGUUUU; GACAG 
UGGCCAUUAUACUAUU; GAAUAGGGAUAGCUUCCUGUU. Non-targeting 
sequences: UGGUUUACUAGUCGACUAA; UGGUUUACAUGUUUUCUGA; 
UGGUUUACAUGUUGUGUGA; UGGUUUACAUGUUUUCCUA. 

Western blot, immunoprecipitation and immunofluorescence analyses. For 
stimulation experiments, cells were serum-starved for 24h, followed by stimu- 
lation with HCMV (MOI = 0.5), PDGF-AA (5-10 ng ml ', R&D Systems), or 
mock, for 10 min. In some cases, cells were pretreated with IMC-3G3 (N. Loizos, 
ImClone) at 10 pg ml”! (2 or 12h) or Gleevec (100nM, 1h) before HCMV 
exposure. Cell lysates were analysed by SDS—polyacrylamide gel electrophoresis 
(SDS-PAGE). Antibodies used were as follows: polyclonal anti-PDGFR-« (1/ 
500), phosphor-tyrosine clone 4G10 (1/1,000) and monoclonal anti-p85 PI(3)K 
(1/1,000) (Upstate Biotechnology), anti HCMV IEl MAB810 (Chemicon; 
1/1,000), anti HCMV pp65 (Novocastra, 1/1,000), anti-phosphor-PDGFR-« 
(1/500, pTyr 754), anti-phosphor-Akt (Ser 473, 1/1,000) and total Akt (1/ 
1,000; all from Cell Signalling). Anti-actin polyclonal control antibody was used 
(1/500, Sigma). Immunoprecipitations were performed using protein G (Pierce) 
according to the manufacturer’s instructions. For immunofluorescence, we used 
monoclonal HCMV pp65 and phosphor-PDGFR-« (p-Tyr 754, Santa Cruz 
Biotechnology), overnight at 4 °C, followed by incubation for 1 h with secondary 
antibodies conjugated to Alexa 488, or Alexa 568 (1/5,000, Molecular Probes). 
Nuclei were counterstained with DAPI. Co-immunoprecipitation experiments 
were performed using full-length soluble purified recombinant glycoprotein B 
(glycoprotein B 680, from D. Diamond, City of Hope, California) and detergent- 
soluble extracts of HEL cells generated in lysis buffer (1% NP-40, 75 mM NaCl 
and 50 mM Tris-HCl). Protein (500 ,1g) from total cell extract was incubated 
with 25 tg of glycoprotein B 680 in lysis buffer in the presence of an anti- 
glycoprotein B (Virusys) or anti-PDGFR-«% (R&D) antibody overnight at 4 °C. 
Immune complexes were recovered with protein A-Sepharose beads (2h 
incubation), denatured and separated on SDS-PAGE for western blot with 
anti-glycoprotein B (Virusys) or anti-PDGFR-« (Cell Signaling Technology) 
antibodies. 

Viral attachment and internalization assays. Mouse fibroblasts and HEL cells 
(72h after siRNA transfections) were incubated with HCMV (MOI =0.5) or 
mock treated for 1 hat 4 °C, after which cells were returned to 37 °C for 15, 30 or 
60 min. Cells were fixed using methanol (20 min) and processed for pp65 immu- 
nofluorescence. Four low-power fields were counted for each condition and 
pp65 immunoreactive cells were recorded for each 100 cells. Internalization 
assays were repeated twice. 

HCMV glycoprotein B (peptide) attachment assays. Glycoprotein B peptide 
binding experiments were performed similar to viral attachment assays. After 
incubation for 1h with the glycoprotein B peptide (100nM, 4°C), cells were 
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returned to 37 °C for 60 min, washed, fixed and processed for double immuno- 
fluorescence for glycoprotein B (1 :g ml’, monoclonal antibody, Virusys) and 
PDGFR-o. (2 ug ml ', Upstate). The glycoprotein B peptide (Ray Biotech) con- 
tains amino acids 27-84 from the AD169 strain and 27-81 from the Towne 
strain. 

Human phospho-PDGFR-a ELISA. ELISA for human phospho-PDGFR-« was 
performed with a kit (R&D, catalogue number DYC2114-2). HEL cells were 
grown in 24-well plates (40,000 cells per ml) and serum-starved 48h before 
short-term (10 min) stimulation with various agents, as described in Figs 2b 
and 4d. Lysis of cells was done as per kit instructions. The capture antibody 
was a mouse anti-human PDGFR-a; anti-phosphotyrosine-HRP antibody was 
used for detection. Recombinant human phosphorylated PDGFR-« was used as 
a positive control. Reaction products were read using a microplate reader set at 
450 nm. All samples were run in triplicate and each experiment was repeated at 
least twice. For receptor-blocking experiments, cells were pretreated with IMC- 
3G3 (10 pg ml’, 12h) or Gleevec (100 nM, 1h). To test the effects of glycopro- 
tein B neutralizing antibodies, HCMV (MOI = 1) was pre-incubated in serum- 
free media with antibodies specific for glycoprotein B 7-17, MAB 758 (ref. 33) or 
control isotype-matched antibodies (5 ug ml‘) for 1h before cell stimulation. 
Additional antibodies tested included neutralizing antibody against HCMV gly- 
coproteins N (ref. 34) and H (ref. 35). 

Measurements of infectious virus production. HEL cells (where indicated 
treated with siRNA) were infected with HCMV Towne or CMV-GFP for 1h, 
washed and grown for 6 days at 37 °C. A duplicate set of cultures was analysed by 
immunofluorescence at 12 h after infection to assess the percentage of IE1 posi- 
tive cells, as a measure of ‘primary infection’. Six days after infection, supernatant 
from these cells were centrifuged to exclude cell debris and used to infect naive 
HEL cultures as described above. Cells at 12 h after infection were stained for IE1, 
and IE1-positive cells were counted among a total of 100 cells per low-magnifica- 
tion microscopic field, four fields per condition. These counts were used to 
determine the level of ‘secondary infection’: that is, infectious virus production 
from the primary infected cells. Where indicated, CMV-GFP infected cells were 
monitored daily under a fluorescence microscope. Each condition was assayed in 
triplicate. 

Plaque formation assays. Plaque formation was assayed as previously 
described”*. Briefly, confluent HEL cells in six-well cluster plates were incubated 
with CMV-GFP (MOI = 1, 1h) in 0.5 ml growth media. Cells were washed and 
returned to 37 °C (in complete growth media). Twenty-four hours later, super- 
natant was harvested and used to infect naive HEL cultures, which were monit- 
ored for plaque formation for 6-14 days. Plaque formation was photographed 
daily using an inverted fluorescence microscope. At day 14, plaques in ten low- 
magnification fields/conditions were counted (each experimental condition was 
tested in six independent wells). 

Statistical analyses. A two-tailed paired Student’s t-test was used to compare 
data sets and obtain P values for all comparisons; P values are indicated on figure 
panels. 
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Autophagy in thymic epithelium shapes the T-cell 
repertoire and is essential for tolerance 


Jelena Nedjic'+, Martin Aichinger't, Jan Emmerich'+, Noboru Mizushima’ & Ludger Klein’” 


Recognition of self-antigen-derived epitopes presented by major 
histocompatibility complex class II (MHC II) molecules on thymic 
epithelial cells (TECs) is critical for the generation of a functional 
and self-tolerant CD4 T-cell repertoire. Whereas haematopoietic 
antigen-presenting cells generate MHC-II—peptide complexes pre- 
dominantly through the processing of endocytosed polypeptides’, 
it remains unknown if and how TECs use unconventional path- 
ways of antigen presentation. Here we address the role of macro- 
autophagy, a process that has recently been shown to allow for 
endogenous MHC II loading”~, in T-cell repertoire selection in the 
mouse thymus. In contrast to most other tissues, TECs had a high 
constitutive level of autophagy. Genetic interference with auto- 
phagy specifically in TECs led to altered selection of certain 
MHC-II-restricted T-cell specificities and resulted in severe colitis 
and multi-organ inflammation. Our findings indicate that autop- 
hagy focuses the MHC-II-peptide repertoire of TECs on their 
intracellular milieu, which notably comprises a wide array of 
otherwise strictly ‘tissue-specific’ self antigens”*. In doing so, it 
contributes to T-cell selection and is essential for the generation of 
a self-tolerant T-cell repertoire. 

Thymic epithelial cells (TECs) are the only non-haematopoietic cell 
types that constitutively express MHCII. Cortical TECs (cTECs) 
have predominantly been implicated in positive selection of thymo- 
cytes carrying self- MHC-restricted T-cell receptors (TCRs)’, whereas 
medullary TECs (mTECs) fulfil a non-redundant role in tolerance 
induction by ‘promiscuously’ expressing otherwise tissue-restricted 
antigens (TRAs)’*. Notably, tolerance induction towards mTEC- 
derived antigens can operate through direct antigen recognition on 
mTECs” or by cross-presentation by thymic dendritic cells". 

MHC-II-peptide ligands are primarily generated through proces- 
sing of exogenous proteins’. TECs, however, show a remarkably poor 
efficacy in capturing and processing extracellular antigens'’, suggest- 
ing alternative pathways of MHCII loading. Candidate routes 
through which endogenous loading of MHCII molecules may be 
achieved are a TAP-dependent pathway'’, chaperone-mediated 
autophagy” and macroautophagy’* 

Macroautophagy is a bulk protein degradation process that is 
upregulated to sustain metabolic fitness during food deprivation">. 
Autophagosomes fuse with lysosomes for degradation of their cargo, 
and it is conceivable that at this point an intersection with the 
MHCII pathway occurs’. Because the thymus has been identified 
as a site of unusual starvation-independent autophagic activity'®, 
we hypothesized that this phenomenon may facilitate endogenous 
MHCIH loading in TECs and thus contribute to positive selection 
and/or tolerance induction. 

Using green fluorescent protein (GFP)—LC3 autophagy reporter 
mice’® (Supplementary Fig. 1a), we confirmed that the thymus had 


robust, starvation-independent autophagic activity (Fig. la). In con- 
trast, in many other tissues—for example, muscle—detectable auto- 
phagy is induced only upon starvation (Fig. la and Supplementary 
Fig. 1b). Absence of punctae in thymi of reporter mice with a targeted 
disruption of Atg5 (autophagy-related gene 5)'”’*, an essential com- 
ponent of autophagosome formation, indicated that these structures 
were not unspecific aggregates (Supplementary Fig. 1c). 

When purified thymic stromal cells were analysed (Fig. 1b), the 
highest frequency (68.5 + 2.9%) of autophagy-positive cells (=5 
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Figure 1| Constitutive autophagy in TECs. a, Sections of the thymus and 
muscle of fed and starved GFP—LC3 mice were stained with anti-GFP Alexa 
488 antibody (green) and 4,6-diamidino-2-phenylindole (DAPI; blue). 
Images are representative of n = 6. b, Thymic stromal cells from GFP—LC3 
mice were fixed onto glass slides and stained with anti-GFP Alexa 488 and 
DAPI. Typical autophagy-positive cTECs and mTEC™ are shown. The 
average frequencies + s.d. of CTECs and mTEC"™ scoring autophagy positive 
(that is, =5 autophagosomes) in two independent preparations are 
indicated. Less than 1% of dendritic cells (DCs) and mTEC! were positive. 
c, Relative distribution of the number of autophagosomes in autophagy- 
positive cTECs and mTEC!; a.u., arbitrary units. 
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autophagosomes) was found among cTECs. In mTEC subsets’””®, 


10.1 + 2.7% of mature MHCII™ CD80" mTECs (mTEC") scored 
positive, whereas autophagy was negligible among immature 
MHCII® CD80"° mTECs (mTEC"’), demonstrating a co-segregation 
of autophagy with ‘promiscuous’ antigen expression*'. The number 
of autophagosomes in positive cells was scattered around maxima of 
about 35 or 20 in cTECs or the mTEC™ subset, respectively (Fig. Ic). 

Although autophagy has been implicated in developmental pro- 
cesses!*”, Atg5" mice are born at Mendelian ratios without evident 
developmental abnormalities’. However, neonatal lethality of 
Atg5’ mice, at least in part caused by a perinatal metabolic crisis, 
precluded a direct assessment of T-cell selection and tolerance in this 
system. To assess the capacity of Atg>’~ thymi to support T-cell 
development beyond the perinatal phase, we transplanted embryonic 
Atg5~ thymi under the renal capsule of normal adult recipients. 
When analysed after 6 to 8 weeks, Atg5’~ thymi were significantly 
smaller than wild-type controls (Fig. 2a). 

Several observations suggested that the reduced cellularity of 
Atg5'~ grafts was not caused by aberrant differentiation of the epi- 
thelial compartment. Thus, Atg5’~ grafts were properly compart- 
mentalized into cortical and medullary areas (Fig. 2b) and 
contained cTECs and mTECs at normal frequencies 
(Supplementary Fig. 2). Expression of MHCI and II on Atg5“~ epi- 
thelial cells was essentially normal; however, a slight decrease in 
MHCII density was observed on cTECs (Fig. 2c). Atgo’~ mTECs 
showed the typical biphasic MHC I e “pression indicative of normal 
segregation into mTEC® and mTEC™ subsets, and promiscuous 
antigen expression was intact (Fig. 2d). 

Next we considered whether the reduced cellularity of Atg>’~ 
grafts may have resulted from perturbed T-cell development. 
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Figure 2 | Epithelial differentiation in the absence of Atg5. a, Thymi from 
wild-type (WT) or Atg>~ embryos were transplanted under the kidney 
capsule of wild-type recipients and analysed 6 weeks later. The average 
cellularities + s.d. are shown; n = 5. b, Normal compartmentalization of 
Atg5’ grafts in cytokeratin-8-positive (red; K8) cortical and cytokeratin-5- 
positive (green; K5) medullary regions; n = 8. c, Expression of MHC class I 
and II on cTECs or mTECs from Atg5— to wild-type (WT) grafts (red), or 
wild-type to wild-type grafts (blue). Staining controls are depicted in grey; 
data are representative of three experiments. d, RT-PCR analysis of 
autoimmune regulator (Aire) and TRA expression in mTECs isolated from 
Atg5’- to wild-type, or wild-type to wild-type grafts. Expression of B-actin 
(Actb), intestinal trefoil factor (Tff3), casein 2 (Csn2) and salivary protein 1 
(Spt1) are also shown (5-fold serial dilutions). Data are representative of two 
experiments. 
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cells were normal in H-2¢ Atg5’~ (Fig. 3a) or H-2° Atg5~ thymi 
(Supplementary Fig. 3a). TCR-« or TCR-B V-region use by CD4 
single-positive (SP) thymocytes was also normal (Supplementary 
Fig. 3b, c), indicating that Atg> deficiency in TECs was compatible 
with development of a polyclonal T-cell repertoire containing the 
main T-cell lineages. 

Positive selection is remarkably flexible regarding the require- 
ments for the composition of MHC-peptide (MHCp) ligands on 
cTECs, as exemplified by the efficient selection of polyclonal CD4 
T cells in mice expressing a markedly reduced spectrum of MHCp 
complexes**™*. If autophagy were to contribute to the generation of 
MHCII ligands on TECs, its absence would be expected to have 
rather subtle consequences. Two predictions followed from these 
considerations. First, selection of particular monoclonal MHC-II- 
restricted TCR specificities should be affected in Atg>’~ thymi. 
Second, if the reduced cellularity of Atgs’~ thymi was caused by 
altered T-cell selection, a ‘permissive’ monoclonal TCR specificity 
should rescue the organ size. We tested these predictions by analysing 
the selection of several MHC-I]-restricted transgenic TCRs (that is, 
TCR-HA restricted to I-E*, AND restricted to I-E‘, DO11.10 
restricted to I-A‘, and DEP and SEP restricted to I-A). In Atg5~ 
H-2" lobes grafted into TCR-HA transgenic mice, both the frequency 
of CD4 SP cells expressing the TCR-HA receptor and the cellularity of 
lobes were significantly reduced as compared to controls (Fig. 3b). 
Similarly, Atg5’~ H-2” lobes grafted into SEP TCR transgenic hosts 
had reduced cellularity, and the decreased frequency of CD4 SP cells 
together with an increased expression of endogenous TCR-« chains 
indicated that there was selective pressure against this TCR 
(Supplementary Fig. 4). In contrast, the AND TCR seemed to be 
selected as efficiently in the Atg5 to AND grafts as in the wild-type 
to AND controls; this finding coincided with equal cellularities 
(Fig. 3c). For the Atgs’" to DEP (Supplementary Fig. 5) and the 
Atg5’~ to DO11.10 (Supplementary Fig. 6) transplants, we likewise 
observed efficient positive selection of the respective TCR and rescue 
of thymic cellularities. Of note, the frequency of clonotype-positive 
CD4 SP cells was significantly increased in the Atgs’~ to DO11.10 
lobes, indicating that Atg5 deficiency could also be beneficial for the 
selection of particular specificities. Transplantation of Atg>~ lobes 
into mixed (DO11.10 Rag2"/TCR-HA Rag2‘-) bone marrow chi- 
maeras accentuated the opposing consequences of epithelial Atg5 
deficiency for these TCRs (Supplementary Fig. 6d). In contrast to 
these observations with MHC-II-restricted TCRs, selection of three 
MHC-I-restricted transgenic TCRs (P14 restricted to H-2D”, OT-I 
restricted to H-2K? and HY restricted to H-2D?) in Atg5~ or wild- 
type lobes was indistinguishable, both with respect to expression of 
the transgenic TCR chains and thymic cellularity (Fig. 3d and 
Supplementary Fig. 7; see also Supplementary Table 1 for a sum- 
mary). Taken together, these findings were consistent with autop- 
hagy in TECs specifically shaping the MHC-II-restricted T-cell 
repertoire, probably through the generation of particular MHC-II-— 
peptide ligands. This underscores the notion that distinct pathways 
of antigen presentation in TECs may be essential for the generation of 
the ‘normal’ T-cell repertoire”>”*. 

Evidence that autophagy can indeed mould the composition of 
MHC I ligands was recently obtained by mass spectrometric analysis 
of MHC-II-bound peptides of B-lymphoblastoid cell lines in the 
presence or absence of autophagy®. Quantitative considerations ren- 
dered such a global assessment of the ‘MHC ligandome’ impossible 
for limited numbers of ex vivo isolated TECs. To visualize whether a 
particular MHC-class-II-bound peptide on cTECs was affected by 
genetic interference with autophagy, we used a monoclonal antibody 
(Y-Ae) that recognizes I- a when occupied by a I-Ex-derived pep- 
tide?”, The I-Eots5 ¢g-I-A° complex is abundant on seein aulerres 
antigen-presenting cells (~10% of all I-A?-peptide complexes)”, 
probably as a result of co-sorting of I-E and I-A fndlecules 
Notably, however, this complex is comparatively underrepresented 
on cTECs, and it was hypothesized that this was due to competition 
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Figure 3 | Atg5 deficiency modulates selection of MHC-II-restricted TCR 
specificities and the abundance of a specific MHCp complex. a, Polyclonal 
T-cell development in Atg5~ to wild-type (WT), or wild-type to wild-type 
grafts. The top dot plots show CD4 and CD8 staining; the bottom dot plots 
show expression of CD25 and Foxp3 by CD4 SP thymocytes; n = 5.b, Atg5~ 
or wild-type lobes were grafted into TCR-HA transgenic recipients. Graft 
cellularity + s.d. and the expression of the transgenic TCR on CD4 SP cells 
were analysed after 6 weeks. The frequency + s.d. of TCR-HA™ cells among 
CD4 SP cells was 32.1% + 3.2% in wild-type to TCR-HA, and 19.6% + 4.3% 
in Atg5 to TCR-HA lobes; P = 1.8 X 10 * (n=14). ¢, Atg5 or wild-type 
lobes were grafted into AND transgenic mice. Graft cellularity + s.d. and the 
expression of the transgenic TCR (VB3—-Va11) on CD4 SP cells were 
analysed after 6 weeks. The frequency + s.d. of VB3~ Vall* CD4 SP cells 


for I-A® binding by peptides that may be expressed and/or processed 
in a cTEC-specific manner. When we analysed cTECs from F, 
(BALB/c X C57BL/6) Atg5™ '- lobes, we found an increased abund- 
ance of the I-Eots._¢g —I-A? complex as compared to wild-type con- 
trols, whereas total MHCII levels showed an inverse behaviour 
(Fig. 3e, compare with Fig. 2c). These findings provided direct evid- 
ence that Atg5 deficiency causes a quantitative shift in the MHCII 
ligandome of cTECs. We propose that in Atgs’~ cTECs, a set of 
epitopes that rely on autophagy for endogenous MHCTI loading 
may not compete with the Ex peptide, which itself may easily gain 
access to MHCII by other pathways. 

To address whether the T-cell repertoire selected by Atg>~" TECs 
was self-tolerant, Atg5~ or Atg5‘’* thymi were grafted under the 
kidney capsule of athymic mice (designated nu/nu“®?"~ or nu/nu™*, 
respectively). The peripheral repertoire of CD4 T cells was similar 
with respect to Va and VB use in both sets of chimaeras 
(Supplementary Fig. 8). However, the frequency of CD4 T cells with 
an activated phenotype (CD62L° and CD69*) was significantly 
increased in the nu/nu‘*"~ chimaeras (Fig. 4a). Between 4 and 
6 weeks after grafting, wasting began in nu/nu“®?"~ but not nu/ 
nu” chimaeras, and most of the nu/nu‘“'8*~ chimaeras had to be 
killed between 8 to 16 weeks after grafting (Fig. 4b). Recipients of 
Atg5" thymi had patches of flaky skin, and inspection of internal 
organs showed a massively enlarged colon, atrophy of the uterus, 
complete absence of fat pads and in many cases enlarged lymph nodes 
(Fig. 4c). Histological examination demonstrated inflammatory 
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was 93.5% + 0.2% in wild-type to AND lobes (n = 3) and 97.9% + 1.1% 
(n= 6) in Atgs~ to AND lobes (P= 9 X 107“). d, Thymi from wild-type or 
Atg5~ embryos were grafted into P14, OT-I or HY TCR-transgenic 
recipients. The dot plots show the expression of the transgenic TCR 
V-segments on CD8 SP cells. Thymus cellularities + s.d. are shown in the 
respective bar diagrams. Data are representative of n = 4 (P14), n = 4 (OT-I) 
and n = 2 (HY). e, Thymi from wild-type or (BALB/c X C57BL/6)F, Atgs— 
embryos were transplanted into (BALB/c < C57BL/6)F;, recipients. Six 
weeks after grafting, expression of the I-Eo's2_6s—I-A” complex on cTECs was 
analysed using the monoclonal antibody Y-Ae. Atg5~ cTECs are shown in 
red; wild-type cTECs are shown in blue. Control stainings are shown in 
orange (Atg5-) and green (wild type). Data are representative of two 
independent experiments. 


infiltrates in the colon, liver, lung, uterus and Harderian gland 
(Fig. 4d and Supplementary Table 2). Chimaeras generated with 
5 days deoxyguanosine treatment of embryonic lobes or by trans- 
plantation immediately after preparation yielded essentially identical 
outcomes, excluding organ-culture-related epithelial tissue damage 
or carry-over of Atg5’~ haematopoietic cells as critical factors for 
disease development. The latter point was bolstered by the fact that 
Atg5’ to wild-type fetal liver chimaeras did not show any signs of 
autoimmunity (Supplementary Fig. 9; ref. 28). 

Adoptive transfer of 1 X 10’ purified CD90* T cells from nu/ 
nu" chimaeras into nu/nu recipients recapitulated essentially 
all aspects of autoimmunity as observed in donor chimaeras 
(Supplementary Fig. 10). When transferred separately, CD4™ T cells 
from nu/nu“’®~ chimaeras elicited autoimmune symptoms more 
efficiently than CD8* T cells, in line with Atg5" deficiency in thymic 
epithelium primarily perturbing the selection of the CD4 T-cell rep- 
ertoire (data not shown). 

Taken together, we propose that perturbations in both positive 
and negative selection caused by Atg5 deficiency in TECs may syner- 
gize to fuel autoimmunity. First, alterations in the composition of 
MHCp ligands on cTECs may affect positive selection, potentially 
creating a mildly lymphopenic environment that might foster auto- 
immunity. Second, impaired presentation of TRAs by mTECs may 
allow for exit into the periphery of autoreactive thymocytes that 
would normally be deleted or deviated into the regulatory T cell 
lineage. 
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Figure 4 | Atg5 deficiency in thymic epithelium causes colitis and 
multiorgan lymphoid infiltration. Atgs’ ~ or wild-type (WT) lobes were 
grafted into athymic (nu/nu) mice (nu/nu“®?~ or nu/nu’, respectively). 
Data are representative of three experiments with n = 4. a, Expression of 


activation markers on lymph node CD4 T cells in nu/nu“®?"~ or nu/nu* 


The organ selectivity of the autoimmune manifestations observed 
here remains to be explained. Of note, the Harderian gland itself has a 
substantial level of constitutive autophagy (Supplementary Fig. 11). 
Thus, autophagy-dependent epitope display in the periphery, if not 
counterbalanced by an analogous tolerogenic mechanism in the thy- 
mus, may be critical for immune-mediated tissue destruction. Along 
these lines, the human ATGI16L1 gene was recently identified as a 
susceptibility locus for Crohn’s disease**®. Our data offer an 
explanation for the association of an autophagy-related gene with 
breakdown of intestinal immune homeostasis. 


METHODS SUMMARY 

Animals. All transgenic mouse strains have been described elsewhere. Animal 
protocols were approved by local authorities. 

Antibodies and flow cytometry. Flow cytometry was performed according to 
standard procedures. See full Methods for antibodies. 

GFP-LC3 analyses. Before analyses, mice were anaesthetized and perfused 
through the left ventricle with 4% paraformaldehyde. Organs were collected 
and fixed with sucrose. Tissue samples were embedded in optimal cutting tem- 
perature (OCT) medium and sectioned at 5 um before staining with an anti-GFP 
antibody. For quantification, purified thymic stromal cells were obtained from 
enzymatically digested thymi by a combination of density fractionation and 
FACS sorting. Stromal cells were fixed onto slides and processed for staining 
with an anti-GFP antibody. 

Thymus transplantation. Embryonic thymi were transplanted under the kidney 
capsule of female animals. Atg5’- embryos and Atg5‘’* (wild-type) controls within 
individual experiments were obtained from the same Atg5*/~ pregnant female. 
Histopathology. Organs were immersion-fixed and embedded in paraffin 
blocks. Sections were stained with haematoxylin and eosin and automatically 
scanned using the Zeiss MIRAX SCAN system. 

Statistical analyses. All statistical analyses were performed using the two-tailed 
Student’s f-test with unequal variance. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Animals. Atg5~ and GEP-LC3 mice have been described previously'”'’. BALB/ 
c™™/™" animals were purchased from Taconic Farms. The AND TCR transgenic 
and B10.A animals were obtained from Jackson Laboratories. The TCR-HA, 
DO11.10, SEP and DEP TCR transgenic animals were described elsewhere*!”’. 
All mice were bred and maintained in individually ventilated cages in the animal 
facility of the Research Institute of Molecular Pathology under specific patho- 
gen-free conditions. All animal studies were approved by local authorities 
(MAS58) and were performed according to Austrian regulations. 

Antibodies and flow cytometry. Biotin-conjugated monoclonal antibody Y-Ae 
was a gift from B. Kyewski. The following monoclonal antibodies were used: 
biotin-conjugated antibody to CD11lc (HL3), CD62L (MEL14), CD80 (16- 
10A1), VB3 (KJ25) and VB14 (14-2); fluorescein isothiocyanate (FITC)-conju- 
gated antibody to CD62L (MEL14), CD90.1 (HIS51), H-2K> (AF6-88.5), Va8.3 
(KT50), VB3 (KJ25), VB4 (KT4), VB5.1,5.2 (MR9-4), VB6 (RR4-7), VB8.1/2 
(MRS5-2), VB8.3 (1B3.3) and VB13 (MR12-3); phycoerythrin-conjugated anti- 
body to CD69 (H1.2F3), Ly51 (BP-1), Vo2 (B20.1), Vorl1.1,11.2 (RR8-1), VB2 
(B20.6), VB7 (TR310), VB8.3 (1B3.3) and VB10 (B21.5); CyChrome-conjugated 
antibody to CD8 (53-6.7) and CD45 (30-F11); phycoerythrin-Cy7 conjugated 
antibody to CD25 (PC61); allophycocyanin-conjugated antibody to CD4 (RM4- 
5) and CD8 (52-6.7); allophycocyanin-indotricarbocyanin-conjugated antibody 
to CD4 (GK1.5); and phycoerythin-Cy7-conjugated streptavidin and FITC-con- 
jugated streptavidin (Becton Dickinson). Phycoerythrin-conjugated monoclo- 
nal antibody to TCR-HYa (T3.70) was purchased from eBiosciences. Ulex 
europaeus agglutinin (UEA-1) was purchased from Sigma Aldrich and conju- 
gated to Alexa 647 in our laboratory. Monoclonal antibodies specific for TCR- 
HA (6.5), DO11.10 (KJ1-26), EpCAM (G8.8), VB8 (F23.1), pan-MHC class II 
(P7.7) and CD4 (GK1.5) were purified from hybridoma supernatants and con- 
jugated to biotin, Alexa Fluor 488 or Alexa Fluor 647 in our laboratory. Surface 
staining was performed according to standard procedures at a density of 1 X 10° 
to 3 X 10° cells per 50 ul. FoxP3 intracellular staining was carried out according 
to the manufacturer’s recommendations with phycoerythrin- or allophycocya- 
nin-conjugated monoclonal antibodies to mouse FoxP3 (FJK-16s, eBiosciences). 
A FACSCanto (Becton Dickinson) with FACSDiva software (Becton Dickinson) 
was used for data acquisition and the Flow Jo software was used for data analysis. 
Immunofluorescence. Frozen sections (5 um) were fixed in cold acetone, and 
then washed and blocked for 30 min with 10% (v/v) FCS in PBS. Sections were 
permeabilized in 0.1% (v/v) Tween in PBS for 10 min, and stained overnight at 
4°C with biotinylated anti-keratin 8 antibody (TROMA-1, Developmental 
Studies Hybridoma Bank). Sections were incubated with secondary antibody 
for 90 min at room temperature and, after washing three times for 15 min each 
in 0.1% (v/v) Tween in PBS, were blocked with anti-rat serum (Jackson Immuno 
Research Laboratories) for 30 min at room temperature. After washing, sections 
were incubated with anti-keratin 5 antibody (Covance) for 2 h at room temper- 
ature. Secondary reagents were streptavidin-Cy3 (Jackson Immuno Research 
Laboratories) and Alexa-Fluor-488-conjugated anti-rabbit antibody 
(Molecular Probes). Nuclei were counterstained with ProLong Gold antifade 
reagent with DAPI (Molecular Probes). Samples were analysed with an inverted 
confocal LSM 510 laser scanning confocal microscope (Zeiss). 

GFP-LC3 analyses. GFP—LC3 mice and wild-type controls were maintained on 
a normal diet or kept without food for 48 h before analyses, with free access to 
drinking water. Before analyses, mice were anaesthetized and perfused through 
the left ventricle with 4% paraformaldehyde in PBS. Organs were collected and 
further fixed with the same fixative for 4h, followed by treatment with 15% 
sucrose in PBS for 4h at room temperature and then with 30% sucrose solution 
overnight at 4°C. Tissue samples were embedded in OCT (Sakura Finetek 
Europe B.V.) and stored at —70°C. The samples were sectioned (5 1m), and 
stained with Alexa-Fluor-488-conjugated anti-GFP antibody (Molecular 
Probes) overnight at 4 °C. Samples were mounted using ProLong Gold antifade 
reagent with DAPI. 

Quantification of autophagic activity in thymic stromal cells. Thymi from 
two-week-old GFP-—LC3 mice were cut into small pieces and digested at 37 °C 
in IMDM containing 0.2 mg ml | collagenase (Roche), 0.2 mg ml dispase I 
(Roche), 2% FCS, 25 mM HEPES (pH 7.2) and 25 pg ml! DNase I, followed by 
incubation in 5mM EDTA for 5 min. Cells were washed and resuspended in 
Percoll (GE Healthcare), followed by a layer of Percoll and PBS as the upper 
phase. Gradients were spun for 30 min at 1,350gin the cold, and low density cells 
were collected from the upper interface, washed and then stained for FACS 
sorting. Stromal cells were sorted according to CD45, Ly51, EpCAM, CD80 
and CDIlc expression (cTECs: CD45" Ly51*EpCAM*; = mTEC”: 
CD45~ Ly51” EpCAM* CD80"; mTEC™: CD45~ Ly517 EpCAM* CD80"; dend- 
ritic cells: CD45*CD11c*) and fixed on to poly-t-lysine-coated slides (Sigma 
Aldrich) with ice cold acetone. Cells were permeabilized in 0.1% (v/v) Tween in 
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PBS for 10 min, and blocked with 10% (v/v) FCS in PBS for 30 min at room 
temperature. Cells were incubated overnight at 4 °C with Alexa-Fluor-488-con- 
jugated anti-GFP antibody and mounted with ProLong Gold antifade reagent 
with DAPI. A total of 1,000 dendritic cells, 1,845 cCTECs, 1,232 mTEC™ and 245 
mTEC" have been analysed for determination of the percentage of autophagy- 
positive cells. Cells with more than five autophagosomes (that is, GFP-positive 
punctae between 0.5 and 1.5 um in diameter) were scored as positive. For quan- 
tification of the number of autophagosomes per cell, a total of 81 autophagy- 
positive cTECs and 51 autophagy positive mTEC" have been recorded and 
analysed. Cells were analysed with an inverted confocal LSM510 Zeiss micro- 
scope by taking Z stacks of 0.5 um thickness and subsequently the number of 
autophagosomes in the whole cell was determined. 

Purification and adoptive transfer of T cells. Pooled cell suspensions of spleen 
and lymph nodes (mesenteric, inguinal, axillary, brachial, superficial cervical, 
deep cervical and lumbar) from nu/nu“‘®°~/~ and nu/nu! chimaeras were 
subjected to erythrocyte lysis. Cells were then incubated with Fc-receptor-block- 
ing antibody (2.4G2) and were stained with biotin-anti-CD90.2 (30-H-12). After 
incubation with streptavidin microbeads (Miltenyi Biotec), CD90* cells were 
positively selected on midi-MACS columns. 1 X 10’ CD90° cells were injected in 
a volume of 200 ul in PBS into the lateral tail veins of BALB/c™’™ animals. 
Animals were analysed 6—12 weeks after transfer. 

Thymus transplantation. Embryonic thymi (E15; with or without deoxyguano- 
sine treatment) were transplanted under the kidney capsule of female animals. 
Atg5~ embryos and Atg5*’* (wild type) controls in individual experiments were 
obtained from the same Atg5*’~ pregnant female after mating to a Atg5*/~ male. 
Deoxyguanosine treatment. E15 thymic lobes were placed on 0.45 mm mem- 
brane filters (Milipore) supported by Gelfoam (Pharmacia&Upjohn) and were 
incubated for 5days with 10% (v/v) IMDM supplemented with 1.35mM 
2-deoxyguanosine before transplantation. 

Bone marrow chimaeras. For mixed bone marrow chimaeras, T-cell-depleted 
TCR-HA Rag2’~ CD45.1*/* and DO11.10 Rag?" CD45.1*/ bone marrow 
were mixed at a ratio of 1:1 and a total of 1 X 10’ cells were injected into the 
lateral tail vein of irradiated BALB/c recipients (2 X 450 rad). Animals were 
transplanted with Atg5~ or Atg5*/* (wild-type) lobes 4 weeks after bone mar- 
row reconstitution. Grafts were analysed 6 weeks after transplantation. 

Fetal liver chimaeras. Fetal livers were harvested from E15 embryos. A total of 
5.5 X 10° fetal liver cells were injected into the lateral tail veins of irradiated 
(2 X 550 rad) CD45.1 C57BL/6 recipients. Chimaeras were analysed 12 weeks 
after reconstitution. 

Semiquantitative RT-PCR. mTECs were isolated from 4—5 transplanted thymi 
as described above and total RNA was isolated using the high pure RNA isolation 
kit (Roche). RNA was reverse transcribed using the iScript RT kit (Biorad). PCR 
reactions were carried out in a final volume of 25 ul using the Advantage 2 
polymerase mix (Clontech) and Advantage 2 PCR buffer SA (Clontech) accord- 
ing to the manufacturers’ recommendations. dNTPs (Fermentas) were used at a 
final concentration of 20014M and primers were used each at 400nM final 
concentration. 

Primers were Aire forward: 5'-GAGTCACAGCACCTTCCTCTT-3’ (438 base 
pairs (bp)); Aire reverse: 5'-GGGACAGCCGTCACAACA-3’ (438 bp); Spt for- 
ward: 5'-TGAAACTCAGGCAGATAG-3’ (383 bp); Spt reverse: 5'-GAGGGAG 
AATAGTCAGGAT-3’ (383 bp); Tff3 forward: 5'-CTGGCTAATGCTGTTGG 
TG-3' (377bp); Tff3 reverse: 5'-TGTTGGCTGTGAGGTCTTT-3' (377 bp); 
Csn2 forward: 5'-TCATCCTCGCCTGCCTTGT-3’ (401 bp); Csn2 reverse: 5’- 
GCGGAGCACAGTTTCAGAGTT-3’ (401 bp); Actb forward: 5'-GGTGGG 
AATGGGTCAGA-3' (380bp); Actb reverse: 5’-GAGCATAGCCCTCGTAG 
AT-3’ (380 bp). 

All amplicons span at least one intron. Cycling conditions were as follows: 
94°C for 3 min; X31 (Actb), X34 (Aire), X36 (Csn2/Tff3), X38 (Sptl) 94°C for 
20s, 56 °C for 30s, 72 °C for 30s; 72 °C for 5 min. Samples were run on a 1.5% 
(w/v) agarose and ethidium bromide gel in TAE buffer. 

Histopathology. Organs were collected from donor animals and immersion-fixed 
with either 4% paraformaldehyde overnight at 4°C or in an IHC zinc fixative 
(Becton Dickinson) for 48h at room temperature. Samples were embedded in 
paraffin blocks. Sections (3—5 jum thick) were stained with haematoxylin and eosin 
and automatically scanned using the Zeiss MIRAX SCAN system. Subsequently, 
sections were analysed ‘blind’ using the Zeiss MIRAX VIEWER software. 
Statistical analyses. All statistical analyses were performed using the two tailed 
Student’s f-test with unequal variance. 
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Regulatory networks define phenotypic classes of 


human stem cell lines 


Franz-Josef Miller’”, Louise C. Laurent'”, Dennis Kostka‘t, Igor Ulitsky’, Roy Williams®, Christina Lu’, 
In-Hyun Park’, Mahendra S. Rao®’, Ron Shamir’, Philip H. Schwartz'®'!, Nils O. Schmidt'* & Jeanne F. Loring’® 


Stem cells are defined as self-renewing cell populations that can 
differentiate into multiple distinct cell types. However, hundreds 
of different human cell lines from embryonic, fetal and adult 
sources have been called stem cells, even though they range from 
pluripotent cells—typified by embryonic stem cells, which are 
capable of virtually unlimited proliferation and differenti- 
ation—to adult stem cell lines, which can generate a far more 
limited repertoire of differentiated cell types. The rapid increase 
in reports of new sources of stem cells and their anticipated value 
to regenerative medicine’” has highlighted the need for a general, 
reproducible method for classification of these cells*. We report 
here the creation and analysis of a database of global gene express- 
ion profiles (which we call the ‘stem cell matrix’) that enables the 
classification of cultured human stem cells in the context of a wide 
variety of pluripotent, multipotent and differentiated cell types. 
Using an unsupervised clustering method*’ to categorize a collec- 
tion of ~150 cell samples, we discovered that pluripotent stem cell 
lines group together, whereas other cell types, including brain- 
derived neural stem cell lines, are very diverse. Using further 
bioinformatic analysis® we uncovered a protein-protein network 
(PluriNet) that is shared by the pluripotent cells (embryonic stem 
cells, embryonal carcinomas and induced pluripotent cells). 
Analysis of published data showed that the PluriNet seems to be 
a common characteristic of pluripotent cells, including mouse 
embryonic stem and induced pluripotent cells and human oocytes. 
Our results offer a new strategy for classifying stem cells and 
support the idea that pluripotency and self-renewal are under tight 
control by specific molecular networks. 

Cultured cell populations are traditionally classified as having the 
qualities of stem cells by their expression of immunocytochemical or 
PCR markers’. This approach can often be misleading if these mar- 
kers are used to categorize novel stem cell preparations or predict 
inherent multipotent or pluripotent features*. To develop a more 
robust classification system, we created a framework for identifying 
putative novel stem cell preparations by their whole-genome mes- 
senger RNA expression phenotypes (Fig. 1). The core reference data 
set, which we call the ‘stem cell matrix’, includes cultures of human 
cells that have been reported to have either stem cell or progenitor 
qualities, including human embryonic stem cells, mesenchymal stem 
cells and neural stem cells. To provide the context in which to place 
the stem cells, we included non-stem-cell samples such as fibroblasts 
and differentiated embryonic stem cell derivatives. To avoid biasing 


the classification methods, it was critical that we designated the input 
cell types with terminology that carried as little preconception about 
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Figure 1| Sample collection and analysis for the stem cell matrix. Cell 
preparations for the stem cell matrix are cultured in the authors’ laboratories 
or collected from other sources worldwide. Samples are assigned source 
codes that capture their biological origin and a relatively unbiased 
description of the cell type (such as BNLin for brain-derived neural lineage). 
Samples are collected and processed at a central laboratory for microarray 
analysis on a single Illumina BeadStation instrument. The genomics data are 
processed by unsupervised algorithms that are capable of grouping the 
samples based on non-obvious expression patterns encoded in 
transcriptional phenotypes. For pathway discovery, existing high-content 
databases with experimental data (for example, protein-protein interaction 
data or gene sets) are combined with our transcriptional database, a priori 
assumed identity of cell types and bootstrapped sparse non-negative matrix 
factorization (sample clustering) to produce metadata that can be mined 
with GSA software and topology-based gene set discovery methods (systems- 
wide network analysis). Web-based, computer-aided visualization 
methodologies can be used by researchers to formulate testable hypotheses 
and generate results and insights in stem cell biology. Two exemplary results 
we report in this paper are the classification of novel stem cell types in the 
context of other better understood stem cell preparations, and a molecular 
map of interacting proteins that appear to function together in pluripotent 
stem cells. 
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their identity as possible. Our nomenclature (“source code’) has two 
components: the first is the tissue or cultured cell line of origin. The 
second term captures a description of the culture itself. 
Supplementary Tables 1-8 summarize the descriptions of the core 
samples and their assigned source codes. 

To sort the cell types we used an unsupervised machine learning 
approach to cluster transcriptional profiles of the cell preparations 
into stable distinct groups. Sparse non-negative matrix factorization 
(sNMF) was adjusted for this task by implementing a bootstrapping 
algorithm to find the most stable groupings (see also Supplementary 
Discussion 1)*°. The stability of the clustering’ indicated that the data 
set most likely contained about 12 different types of samples (Fig. 2a 
and Supplementary Methods 2). The composition of the stable clus- 
ters revealed both predictable and unpredicted groupings of a priori 
designations (Fig. 2b and Supplementary Fig. 1). The 20 samples 
identified as undifferentiated human pluripotent stem cell (PSC) 
preparations were grouped together in one dominant cluster 
(Fig. 2, cluster 1) and one secondary cluster (Fig. 2, cluster 5). 
Sixty-two of the samples were brain-derived cells that were described 
as neural stem or progenitor cells based on their source, culture 
methods and classical markers. Most of the designated neural stem 
cells were distributed among multiple clusters, indicating a great deal 
of diversity in neural stem cell preparations. But one group of the 
brain-derived lines, those derived from surgical specimens from liv- 
ing patients (HANSE cells, see below), remained together throughout 
the iterative clusterings (Fig. 2, cluster 6; see also Supplementary Fig. 
3 and Supplementary Methods 1). The HANSE cell group consisted 
of transcriptional profiles that were derived from neurosurgical spe- 
cimens following published protocols for multipotent neural pro- 
genitor derivation and propagation’*''. These cells expressed 
markers that are commonly used to identify neural stem cells’? (see 
Supplementary Fig. 4), but the clustering clearly separated them from 
the other samples that had been derived from post-mortem brains of 
prematurely born infants (SC23 and SC30, see Fig. 2b)'*"’. 

We tested the ability of our data set to categorize additional pre- 
parations by adding 66 samples comprising new cultures derived 
from PSC lines that were already in the matrix, preparations that 
were not yet included (but their presumptive cell type was already 
represented), or new cell types. We chose two new types of cells: a 
differentiated cell type (umbilical vein endothelial cells (HUVECs)) 
and a recently developed new source of pluripotent cells called 
induced pluripotent stem cells'*"° (iPSCs, Supplementary Table 9). 
iPSCs have been generated from somatic cells, including adult fibro- 
blasts, by genetic manipulation of certain transcription factors'*'*"”. 
We re-computed clustering results including the test data set 
(Supplementary Table 10). All of the HUVEC samples clustered 
together and formed a distinct group. Most of the additional PSC 
lines (human embryonic stem cells (embryonic PSCs; ePSCs) and 
iPSCs) from several different laboratories were placed into a context 
that contained solely PSC lines. Three additional germ cell tumour 
lines clustered together with the tumour-derived pluripotent stem 
cell (tPSC) line 2102Ep and samples of three human embryonic stem 
(ES) cell lines: BGO1v (ref. 18), Hues7 (ref. 19) and Hues13 (ref. 19). 
BGO1vis an established aneuploid variant line and the two Hues lines 
are aneuploid variants of the originally euploid lines (not shown). 

We used a combination of analysis tools to explore the basis of the 
unsupervised classification of the samples in the core data set. Gene 
Set Analysis”? (GSA) is a means to identify the underlying themes in 
transcriptional data in terms of their biological relevance. 

GSA uses lists of genes” that are related in some way; the common 
criterion is that the relationships among the genes in the lists are 
supported by empirical evidence”’. GSA highlighted numerous sig- 
nificant differences among the computationally defined categories. 
(See Supplementary Fig. 2, Supplementary Table 11, Supplementary 
Methods and http://www.stemcellmatrix.org). 

Although GSA is valuable for discovering specific differences among 
sample groups, it is limited to curated gene lists and cannot be used to 
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discover new regulatory networks. The MATISSE algorithm’® (http:// 
acgt.cs.tau.ac.il/matisse) takes predefined protein-protein interac- 
tions (for example, from yeast two-hybrid screens) and seeks con- 
nected subnetworks that manifest high similarity in sample subsets. 
The modified version used in this analysis is capable of extracting 
subnetworks that are co-expressed in many samples but also signifi- 
cantly upregulated or downregulated in a specific sample cluster. 
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Figure 2 | Clusters of samples based on machine learning algorithm. 
Samples were distributed on the basis of their transcriptional profiles into 
consensus clusters using sNMF. a, Consensus matrix from consensus 
clustering results (centre matrix plot). The consensus matrix is a visual 
representation of the clustering results and the separation of the sample 
clusters from each other. Blue indicates no consensus; red indicates very 
high consensus. The numbers (1—12) on the diagonal row of clusters indicate 
the number assigned to the cluster by sNMF. These numbers (cluster 1 to 
cluster 12) are used throughout the text to indicate the group of samples in 
that cluster. The bar graph above the consensus matrix plot shows the 
summary statistics assessing the overall quality of each cluster. The cluster 
consensus value (0-1) is plotted above the corresponding cluster in the 
matrix plot. Note that most clusters (clusters 10, 12, 6, 4, 9, 1, 8, 11, 7 and 2) 
have a high-quality measurement. To the left of the consensus matrix is 
another view of the consensus data, visualized as a dendrogram. This is a 
representation of the hierarchical clustering tree of the consensus matrix. 
b, The content of the sample clusters resulting from the same sNMF run are 
displayed. Numbers are the same cluster numbers assigned by the consensus 
clustering algorithm that are used throughout the text and figures. For more 
information on samples, source code and references see Supplementary 
Tables 1-10. No., number of samples. The symbol “4 indicates that samples 
were derived from adult brain specimens. 
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Figure 3 | Pluripotent stem-cell-specific protein-protein interaction 
network detected by MATISSE. Clusters from the sNMF k = 12 analysis 
were used in combination with the transcriptional database to identify 
protein-protein interaction networks enhanced in PSCs. A, A large 
differentially expressed connected subnetwork (PluriNet) shows the 
dominance of cell cycle regulatory networks in PSCs (see legend). All of the 
dark blue symbols are genes that are highly expressed in most PSCs 
compared to the other cell samples in the data set. Front nodes, as 
represented by stem cell matrix expression data, and back nodes, as inferred 
by MATISSE, are displayed with different colour shades°. Highlighted in red 
are the interactions of a group of proteins associated with pluripotency in 
murine ePSCs”’. This subnetwork shows a significant enrichment in genes 
that are targeted in the genome by the transcription factors NANOG 

(P = 5.88 X 10 *), SOX2 (P = 0.058) and E2F (P = 1.29 x 10 '°, all 
P-values are Bonferroni corrected). For an interactive visualization of 
PluriNet, see http://www.stemcellmatrix.org. B, Heat-map-like visualization 
of PluriNet genes for samples from the test data set: HUVECs (UC-EC, 
a-c, derived from three independent individuals), germ cell tumour-derived 
pluripotent stem cells (tPSC-UN, d-f, lines GCT-C4, GCT-72, GCT-27X, 
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derived from three independent individuals), induced pluripotent stem cells 
(iPSC-UN, g-i, BJ1-iPS12, MSC-iPS1, hFib2-iPS5, three independently 
derived lines from different somatic sources) and embryonic stem cells 
(ePSC-UN, jH, lines Hues22, HSF6, ES2, derived from three independent 
blastocysts in three independent laboratories). Most PluriNet genes are 
markedly upregulated in iPSC-UN and ePSC-UN cells. tPSC-UN cells show a 
less consistent expression pattern. UC-EC cells show lower expression levels 
of most PluriNet genes. See Supplementary Fig. 5 for a larger version of the 
same heat maps. C, Analysis of genes from PluriNet in the context of 
phenotypes that have been reported to result from specific genetic 
manipulations (for example, gene knockout) in mice in the MGI 3.6 
phenotype ontology database (http://www.informatics.jax.org/). We find 
significant over-representation of phenotypes ‘lethality (perinatal/ 
embryonic)’, ‘tumorigenesis’, ‘cellular’, ‘embryogenesis’, ‘reproductive 
system’ and ‘lifespan and ageing’ among the genes in PluriNet. Although 
these broad categories might be rather unspecific surrogate markers for PSC 
function in mammals, this analysis might point towards PluriNet’s role in 
vivo. For more details, see also Supplementary Fig. 6 and Supplementary 
Table 12. 
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Table 1| PluriNet expression patterns in various model systems for pluri- 
potency 


a Expression of PluriNet genes in murine model systems 


Cell type Upregulated/downregulated 
MII oocytes Upregulated* 
Zygote Upregulated* 
Embryo (two-cell blastocyst) Upregulated* 
ePSC Upregulatedt 
EpiSC Upregulatedt 


iPSC Upregulatedt 
Fibroblasts (normal) Downregulatedt 
Fibroblasts (transformed) Downregulatedt 


b Successful PluriNet-based, post-hoc classification in murine model systems 


Cell type Upregulated/downregulated Pluripotency Germline 
(PAM) transmission 
(PAM) 

ePSC Upregulated Yest Yest 
EpiSC Upregulated Yest Yest 

iPSC Upregulated Yest Yest 
Fibroblasts (normal) Downregulated Yest Yest 
Fibroblasts Downregulated Yest Yest 
(transformed) 


c Expression of PluriNet genes in human model systems 


Cell type Upregulated/downregulated 
MIl oocytes Upregulated8 

tPSC Upregulated| | 

ePSC Upregulated| | { 


iPSC Upregulated| | {] 
ePSC-derived cell types Downregulated| | 
Somatic cell types Downregulated| | § 
Somatic cancer cell line (HeLa) Downregulated# 


d Successful PluriNet-based, post-hoc classification in human model systems 


Cell type Upregulated/downregulated Pluripotency 
(PAM) 
tPSC Upregulated Yes** 
ePSC Upregulated Yes** 
iPSC Upregulated Yes** 
ePSC-derived cell types Downregulated Yes** 
Somatic cell types Downregulated Yes** 


This table summarizes the expression patterns of PluriNet in various model systems of 
pluripotency and differentiation. More details on the specific tests and explanations of the data 
sources for the results can be found as indicated below. EpiSC, epiblast-derived stem cells**; 
PAM, prediction analysis of microarray, classifier with leave-one-out cross validation’’. ‘Yes’ in 
parts b and d indicates correct classification of pluripotent state (pluripotent or not pluripotent) 
in >90% of samples. 

* For more details see Supplementary Figs 8 and 9. 

+ For more details see Supplementary Fig. 10. 

t For more details see Supplementary Fig. 10. 

§ For more details see Supplementary Fig. 7. 

| For more details see Fig. 3B and Supplementary Figs 5 and 12. 

4] For more details see Supplementary Fig. 11. 

# For more details see Supplementary Discussion 2. 

** For more details see Supplementary Fig. 12. 


Because the PSC preparations were consistently clustered together we 
used MATISSE to look for distinctive molecular networks that might 
be associated with the unique PSC qualities of pluripotency and self- 
renewal. A Nanog-associated regulatory network has been outlined in 
mouse embryonic PSCs*', and we looked for the elements of this 
network in human PSCs using our unbiased algorithm. We found 
that the algorithm predicts that human PSCs possess a similar 
NANOG-linked network (Fig. 3A; elements labelled in red). 
However, we also discovered that the human NANOG network seems 
to be integrated as a small component of a much larger protein— 
protein interaction network that is upregulated in human PSCs 
(Fig. 3). Notably, this PSC-specific network (termed pluripotency- 
associated network, PluriNet) contains key regulators that are 
involved in the control of cell cycle, DNA replication, DNA repair, 
DNA methylation, SUMOylation, RNA processing, histone modifica- 
tion and nucleosome positioning (see also Supplementary Discussion 
2 and http://www.openstemcellwiki.org). Many of the genes in the 
PluriNet have been linked to embryogenesis, tumorigenesis and age- 
ing (Fig. 3C and Supplementary Fig. 6). We further explored the 
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hypothesis that pluripotency is closely linked to PluriNet expression 
by analysing published gene expression data sets from human oocytes, 
various types of PSCs and murine embryos (see Table | for a summary 
of our findings in various model systems). Analysis of a microarray 
data set” that spans development from murine oocytes to the late 
blastocyst stage revealed that the PluriNet expression is dynamic 
and upregulated during early mammalian embryogenesis (Table 1 
and Supplementary Figs 7-9)’. Also, our preliminary analyses indi- 
cate that the PluriNet is strongly upregulated in mouse PSCs, mouse 
iPSCs and mouse epiblast-derived stem cells** when compared to 
somatic cells. Therefore the PluriNet may be useful as a biologically 
inspired gauge for classifying both murine and human PSC pheno- 
types (Table 1 and Supplementary Figs 10-13). 

Our data indicate that an unbiased global molecular profiling 
approach combined with a transcriptional phenotype collection using 
suitable machine learning algorithms can be used to understand and 
codify the phenotypes of stem cells**”°. Although it is more extensive 
than any stem cell data set reported so far, we consider our database 
and the PluriNet to be a work in progress. As more direct evidence for 
protein—protein interactions in human cells becomes available, it will 
be possible to refine the networks we have defined and make them 
more useful for testing hypotheses about the nature of stem cell plur- 
ipotency and multipotency. Also, our sample collection is limited to 
pluri- and multipotent stem cell types that grow well in culture, and 
does not include some of the most well studied lineages, such as 
haematopoietic stem cells. Resolution and reliability of a context- 
based unsupervised classification can be expected to grow with the 
breadth and depth of the database content”’. Even with these limita- 
tions, we have shown that the data set and PluriNet have already 
proved useful for categorizing cell types using unbiased criteria. As 
more stem cell populations become available, cultured by new meth- 
ods, isolated from new sources, or induced by new methods, we will 
use the PluriNet and the stem cell matrix as a reference system for 
phenotyping the cells and comparing them with existing cell lines. 


METHODS SUMMARY 


For an overview of the general workflow, please also refer to Fig. 1. A detailed list 
of the samples, culture methods and reference publications is provided in 
Supplementary Information''. Generally, RNA from each sample was prepared 
from approximately 1 X 10° cultured cells. Sample amplification, labelling and 
hybridization on Hlumina WG8 and WG6 Sentrix BeadChips were performed 
for all arrays in this study according to the manufacturer’s instructions (http:// 
www.illumina.com) at a single Illumina BeadStation facility. We used the 
Consensus Clustering framework’ to cluster transcription profiles and to assess 
stability of the results. As the algorithm, we used sparse non-negative matrix 
factorization’. For data perturbation, 30 subsampling runs were performed for 
each considered number of clusters (k). In each run, 80% of the data was sub- 
jected to ten random restarts. The R-script can be downloaded at http:// 
www.stemcellmatrix.org. Details on the application of GSA”, PAM”, 
MATISSE’ as well as publicly available data sets used in this study can be found 
in the Methods section. We modified the MATISSE® computational framework 
to fit the goals of this study. For the present analysis we used the human physical 
interaction network that we had previously assembled® and augmented it with 
additional interactions from recent publications*'**”’. The 64 interactions in ref. 
21 were mapped to the corresponding human orthologues using the NCBI 
HomoloGene database. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Compilation of type collection. Samples were either grown in our own labor- 
atory or provided by collaborators. Each sample was prepared from approxi- 
mately 1 X 10° cultured cells, which were mechanically harvested, pelleted and 
snap frozen in liquid nitrogen. Biological replicates were produced for almost all 
samples. Details on the included cell lines and culture methods can be found in 
the Supplementary Tables 3-8. 

Neural progenitor cultures (HANSE) from neurosurgical specimens. Brain 
tissue samples were obtained from patients who underwent surgery for intract- 
able temporal lobe epilepsy at the Department of Neurosurgery, University 
Medical Center Hamburg-Eppendorf, Germany (n= 6; 4 males and 2 females; 
mean age 33). All procedures were performed with informed consent and in 
accordance with institutional human tissue handling guidelines. We used mod- 
ifications of reported protocols for establishing neural progenitor cultures from 
fetal and postmortem brain tissue'®*’. A more detailed description can be found 
in Supplementary Methods 1. 

Whole-genome gene expression. All RNA was purified in our laboratory using 
standard methods. Sample amplification, labelling and hybridization on 
Illumina WG8 and WG6 Sentrix BeadChips were performed for all arrays in 
this study according to the manufacturer’s instructions (Illumina) using an 
Illumina BeadStation (Burnham Institute Microarray Core). 

Microarray data pre-processing. Raw data extraction was performed with 
BeadStudio v1.5 and probes with a detection score of less than 0.99 in all of 
the samples were discarded. The resulting probes were then quantile-normalized 
to correct for between-sample variation*'. The sample data were quality con- 
trolled before normalization using the quality parameters provided by 
BeadStudio software. Before and after normalization the arrays were inspected 
with signal distribution box plots and by using the maCorrPlot package”. 
Parameters for unsupervised classification. The data sets and the sparseness 
factor A were adjusted for the unsupervised clustering task following previous 
reports*®. Parameters we have used for this study are: SCM core data set (153 
samples), 2 = 0.01; SCM test data set (219 samples), A = 0.1. The pre-processed 
data sets used can be downloaded at http://www.stemcellmatrix.info. 

Gene expression and gene set analysis. To screen for differentially expressed 
groups of genes between computationally defined sample clusters we used the 
Gene Set Analysis (GSA) methods proposed previously****. GSA was chosen 
because it uses a stringent max-mean algorithm to identify significantly differ- 
entially regulated gene sets. The cutoff P-value was adjusted to accommodate a 
false discovery rate (FDR) of 10%. A translation file was built to use GSA with 
Illumina expression data. We collected gene lists from recent publications and 
public repositories (MolSigDB2, Stanford repository). These files can be down- 
loaded from http://www.stemcellmatrix.org. To screen for differentially 
expressed genes between computationally defined sample clusters we used stand- 
ard t-test-based methods implemented in the R Bioconductor package*’. The 
cutoff P-value was adjusted to accommodate a FDR of 5%. 

Detection of cluster-specific subnetworks using MATISSE. MATISSE? (http:// 
acgt.cs.tau.ac.il/matisse) was adjusted to detect differentially expressed con- 
nected subnetworks (DECSs), corresponding to connected subnetworks in a 
physical interaction network that show a significant co-expression pattern. 
The physical network used by MATISSE contains vertices corresponding to 
genes and edges corresponding to protein-protein and protein-DNA interac- 
tions. For the present analysis we used the human physical interaction network 
that we had previously assembled® and augmented it with additional interactions 
from recent publications*!”*”’. In total, the network contained 34,212 interac- 
tions among 9,355 proteins. 

Originally, MATISSE used the Pearson correlation coefficient as a measure of 
similarity between the expression patterns of gene pairs. These similarity values 
serve as a starting point for the computation of pair-wise weights using a prob- 
abilistic model. The Pearson correlation between a pair of genes captures a global 
similarity trend between their expression patterns. In this work we were inter- 
ested in extracting groups of genes that are not only similar across the experi- 
mental conditions, but also show significantly high or significantly low 
expression values in a specific subset of the samples, identified using the 
sNMF clustering scheme. To this end we devised a hybrid similarity score that 
captures two features: (1) both genes show differential expression; (2) the genes 
have similar expression patterns, regardless of their differential expression. 

We denote the expression pattern of gene i by x! =(x/,xi,...,x/,). Assume that 
we are interested in DECSs upregulated in a condition subset AC {1,...,m}. To 
address goal (1), we use an ‘ideal’ expression profile p = (~),P2;...,Pm) where 
pi= lif i€A and p;= —1 otherwise. The signs are reversed if we are interested 
in a DECS downregulated in A. rj, is the Pearson correlation coefficient between 
x and p. Intuitively, Tgp is close to 1 if the corresponding transcript is strongly 
upregulated in A compared to the other conditions, and close to —1 if it is 
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strongly downregulated in A. This measure has been suggested as an aparametric 
differential expression score**. Note that the Pearson correlation is invariant 
under normalization of the patterns to zero mean and standard deviation of 1. 
For every gene pair (i,j) we compute Sgig(i,j) = (Tip + rjp)/2. To address goal (2) 
we use the partial correlation coefficient between the gene patterns conditioned 


Txi,xi —TxipTxi,p 


(a- Ta gMl - er 

Pearson correlation coefficient between the profiles y and z. Intuitively, Spar 
conveys the information about how similar x’ and x/ are, regardless of their 
differential expression in A. Finally, we use the similarity score S = Site + Spart, 
where J is a trade-off parameter setting the relative importance of the differential 
expression in the similarity score. We used / = 3 for the analysis described in this 
paper. These S scores are then modelled using the probabilistic model described 
previously’. The advantage of using this pair-wise scoring scheme over the use of 
gene-specific differential expression scores, such as those proposed by others”, is 
that it will prefer gene groups that are not only differentially expressed in the 
specified condition subset, but also have coherent expression profiles. 

To diminish the effect of the size difference between the clusters, we reduced 

the number of conditions in clusters 1, 2, 3, 6, 9, 10 and 12, by including fewer 
replicates. Overall, 105 samples were used in the MATISSE analysis and can be 
downloaded at http://www.stemcellmatrix.org. We executed this MATISSE vari- 
ant iteratively, each time setting A to contain all the samples of a single cluster or 
a cluster pair. The upper bound on module size was set to 300 and the rest of the 
parameters were as previously reported®. We then filtered the resulting networks 
by removing DECSs that overlapped more than 50% with other, higher scoring 
DECSs. The full set of the DECSs is available at http://www.stemcellmatrix.org. 
Visualization. For visualization of the selected DECS we used Cytoscape 2.5 (ref. 
38) and Cerebral 2.0 (ref. 39). Localization data from HRPD and the GO- 
Molecular function categories were also used”. NANOG, POUSF1/OCT4 and 
SOX2 promoter binding information was used to code the ESC-specific regu- 
lation of nodes*°. Permutmatrix was used for heat maps*’. Data for the analysis of 
human oocytes were accessed on the authors’ or the journals’ website**. For 
analysis of iPSCs induced with LIN28, OCT4, NANOG and SOXz2, the data set 
was obtained from the Thomson laboratory". 
Classification based on PluriNet. We used the 299 genes from DECS 
(Up(1,5)A) (PluriNet) with the PAM” software package. Class probabilities 
were re-computed 10,000 times; average scores are reported in Supplementary 
Figs 10 and 12. We translated the human genes into their murine orthologues 
from PluriNet using the NCBI HomoloGene database for re-analysing murine 
expression profiles. The expression array data from murine fibroblasts, induced 
pluripotent cells, epiblast-derived stem cells and murine embryonic stem cells 
were downloaded from NCBI GEO?!‘ 
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A paracrine requirement for hedgehog signalling in 


cancer 


Robert L. Yauch'*, Stephen E. Gould’*, Suzie J. Scales’, Tracy Tang’, Hua Tian’, Christina P. Ahn’, Derek Marshall’, 
Ling Fu’, Thomas Januario', Dara Kallop', Michelle Nannini-Pepe', Karen Kotkow*t, James C. Marsters Jr’, 


Lee L. Rubin?+ & Frederic J. de Sauvage’ 


Ligand-dependent activation of the hedgehog (Hh) signalling 
pathway has been associated with tumorigenesis in a number of 
human tissues’. Here we show that, although previous reports 
have described a cell-autonomous role for Hh signalling in these 
tumours’, Hh ligands fail to activate signalling in tumour epi- 
thelial cells. In contrast, our data support ligand-dependent 
activation of the Hh pathway in the stromal microenvironment. 
Specific inhibition of Hh signalling using small molecule inhibi- 
tors, a neutralizing anti-Hh antibody or genetic deletion of 
smoothened (Smo) in the mouse stroma results in growth inhibi- 
tion in xenograft tumour models. Taken together, these studies 
demonstrate a paracrine requirement for Hh ligand signalling in 
the tumorigenesis of Hh-expressing cancers and have important 
implications for the development of Hh pathway antagonists in 
cancer. 

An increasing number of solid tumours have been reported to be 
reliant on ligand-dependent Hh pathway signalling within the 
tumour epithelium’”’. Because the typical role for Hh in develop- 
ment is mediated by paracrine effects on mesenchymal cells*’, we 
wanted to explore further the mechanisms behind Hh-dependent 
tumorigenesis. We have evaluated the effect of a specific and potent 
small molecule SMO-acting antagonist of the Hh pathway 
(HhAntag) on cell viability across a large panel of cancer cell lines 
(Fig. 1a)'®'!. HhAntag has been demonstrated to be ~ 10-times more 
potent than the natural product SMO antagonist, cyclopamine, at 
inhibiting Hh pathway activity’®. We observed a range of cellular 
sensitivities to HhAntag with half-maximal inhibitory concentration 
(ICso) values for growth inhibition ranging from ~2 UM to >30 uM. 
In contrast to previous reports®’, no tissue specificity of in vitro 
sensitivity to HhAntag was observed. The extent of basal Hh pathway 
activity in these cell lines, as measured by the expression of GLII, a 
well characterized endogenous direct transcriptional target gene, did 
not correlate with cellular sensitivity to HhAntag (Fig. la), nor could 
we detect a positive correlation between cellular sensitivity and other 
Hh pathway genes (Supplementary Fig. 1 and Supplementary Table 1). 
Finally, these differences were not a unique attribute of the synthetic 
small molecule HhAntag, as a similar discordance of all variables was 
observed with cyclopamine (Supplementary Fig. 2)'”. 

The requirement for high concentrations of HhAntag or cyclopa- 
mine to elicit growth inhibition and the lack of correlation with Hh 
pathway activation suggested that the observed in vitro growth 
repression might be due to non-specific effects of these molecules. 
This is supported by the observation that only 100nM HhAntag is 
needed to completely inhibit Hh signalling in a Hh-responsive 
human mesenchymal cell line (HEPM) expressing a GLI luciferase 


reporter construct (HEPM-rep, Fig. 1b) and the ICs) of 5nM is 
~400-times lower than that required to inhibit cell growth by 50% 
in the most sensitive cancer cell line (1.9 1M). To address specifically 
whether the in vitro growth inhibitory effect of high concentrations of 
Hh antagonists is due to off-target activity, we focused on two pan- 
creatic cell lines described recently: CFPAC-1, a SMO-positive and 
cyclopamine-sensitive cell line, and BxPC-3, a SMO-negative cell line 
with differentially reported sensitivity to cyclopamine*®'’. Despite 
differences in SMO expression (Supplementary Table 1), we found 
that these cell lines exhibit similar sensitivities to the growth inhibi- 
tory effects of high concentrations of cyclopamine and HhAntag 
(Fig. la, b). Conversely, no growth inhibition was observed using 
two completely different mechanisms of Hh pathway inhibition: 
PKA activation using the agonist forskolin’ (Fig. 1c) or the anti- 
Hh ligand blocking antibody 5E1 (Fig. 1d). Finally, neither Hh path- 
way activation with recombinant Sonic hedgehog homologue 
(rSHH) nor pathway inhibition with high concentrations (10 HM) 
of Hh antagonists had any effect on endogenous GLI] messenger 
RNA levels in these cells (Fig. le), despite regulating pathway activity 
in HEPM cells. Previous reports relied on transfected GLI reporter 
constructs to monitor endogenous Hh pathway activity. rSHH was 
unable to activate GLI reporter activity when transfected into either 
CFPAC-1 or BxPC-3 cells (Supplementary Fig. 3). Although high 
concentrations of HhAntag and cyclopamine inhibited GLI reporter 
activity in CFPAC-1 and BxPC-3 cells, comparable repressions of 
unrelated transcriptional reporters were also observed at these high 
concentrations (Supplementary Fig. 4). Similar effects of Hh antago- 
nists on viability and signalling were observed across a variety of cell 
lines that have been used previously (Supplementary Fig. 5)>”. Taken 
together, the data strongly argue against Hh signalling in these epi- 
thelial cancer cell lines and suggest that the previously observed effects 
of Hh antagonists on growth and reporter activity are due to off-target 
effects of these molecules when used at high concentrations. 

Despite our failure to detect Hh pathway activity in epithelial cells 
in vitro, we determined that subsets of human tumours and cell lines 
do indeed express Hh ligands. Microarray expression analysis of 
human tissue specimens revealed that subsets of colorectal, endomet- 
rial, ovarian and pancreatic cancers overexpressed Hh ligand mRNA 
(data not shown). Quantitative polymerase chain reaction with 
reverse transcription (RT-PCR) profiling of an independent set of 
human tissue specimens confirmed that the transcript levels of SHH 
and/or Indian hedgehog homologue (IHH) ligands were significantly 
upregulated in subsets of these cancers (Fig. 2a—c). In contrast, we did 
not observe increased SHH or IHH expression in a smaller panel of 
lung cancer specimens (Fig. 2d). Differential expression of SHH and 
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THH mRNA and protein was recapitulated in cancer cell lines rep- 
resentative of these tissue types (Supplementary Figs 6 and 7). To 
determine whether the ligands produced by these cancer cell lines are 
functional, we co-cultured these cells with 10T1/2 cells stably trans- 
fected with a GLI reporter construct (Fig. 2e). The induction of GLI 
reporter activity in the fibroblasts correlated with the levels of ligand 
produced by the tumour cells, demonstrating their capacity to stimu- 
late paracrine signalling. To establish whether a similar paracrine- 
mediated activation could occur in vivo, xenografts were established 
in Ptchl-lacZ;Rag2 ‘~ mice from the pancreatic cell lines HPAF-II 
and PL45, which differ in expression of Hh ligands (Supplementary 
Fig. 6). Anti-B-galactosidase staining of Hh-positive HPAF-II xeno- 
grafts resulted in labelling of stromal cells immediately adjacent to 
the tumour cell compartment (Fig. 2f and Supplementary Fig. 8). 
In contrast, B-galactosidase staining was not observed in the stroma 
of xenografts derived from PL45 cells, which express very low levels 
of Hh ligands. Taken together, these results demonstrate that 
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Figure 1| Lack of Hh pathway activation in human cancer cell lines. a, No 
association was shown between Hh antagonist-mediated growth inhibition 
(ICs9; left y axis, solid bars) and quantitatively determined Hh target gene 
expression (GLI, right y axis, blue dots). BxPC-3 and CFPAC-1 cells are 
highlighted by single and double asterisks, respectively. NSCLC, non-small- 
cell lung cancer; SCLC, small-cell lung cancer. b—d, Equivalent degrees of 
growth inhibition mediated by Hh pathway antagonists in a SMO-positive 
(CFPAC-1, squares) compared to a SMO-negative (BxPC-3, circles) cell line. 
The concentration of antagonists required to inhibit Hh pathway activity 
was determined by measuring luciferase activity (red line) in a cell line 
expressing a Hh-responsive GLI-luciferase reporter (HEPM-rep, triangles). 
Hh pathway antagonists include cyclopamine (b, open symbols), HhAntag 
(b, filled symbols), forskolin (¢) and the anti-Hh-ligand-blocking antibody 
5E1 (d). e, Both SHH (rSHH, 1 pg ml‘) and Hh antagonists (10 11M) fail to 
modulate endogenous Hh target genes in cancer cells. Human embryonic 
palatal mesenchyme (HEPM) serves as a positive control. Error bars, 
mean + s.d. (n = 3). 
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Hh-expressing tumour epithelial cells are capable of activating the 
Hh pathway in a paracrine manner, both in vitro and in vivo. 

To uncover the role of paracrine Hh signalling in regulation of 
tumour growth and to ensure that the lack of Hh signalling in cell 
lines was not a feature of cell culture’’, we first used models in which 
tumour cells had never been grown in vitro. We generated mouse 
xenograft models from surgical biopsies of patients harbouring a 
variety of neoplasms. On implantation of these primary tumours 
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Figure 2 | Human Hh ligands are overexpressed in a subset of human 
cancers and can activate Hh signalling in a paracrine manner. Quantitative 
RT-PCR profiling of SHH and IHH mRNA in a subset of human tissues: 
a, colorectal; b, pancreatic; ¢, ovarian; and d, lung, SCLC (Sc) and NSCLC 
(NSc). Colorectal tissue is patient-matched. C, primary tumour tissue; N, 
normal; NA, normal adjacent. e, Induction of Hh-responsive reporter 
activity in 10T1/2-rep fibroblasts after co-culture with pancreatic cells or 
rSHH. Error bars, mean + s.d. (n = 3). RLU, relative luciferase units. 

f, Stromal activation of the Hh pathway activity in HPAF-II, but not PL45, 
xenografts in vivo. f-galactosidase activity (red) was observed in the stromal 
compartment after implantation of HPAF-II cells in Ptch1-lacZ;Rag2 ‘~ 
mice; epithelial-specific antigen is shown in green. Arrow shows 
B-galactosidase-positive cells. g, Correlation between stromal-derived, but 
not tumour-derived, Gli] mRNA levels versus tumour-derived Hh ligand 
(SHH and IH) levels in primary human tumour xenografts (n = 22, 

P= 0.005 SHH/Glil; P = 0.0003 IHH/Gli1) by species-specific (RT-PCR. 
The red and blue dots refer to the xenograft models in Fig. 3a (blue, D5123; 
red 1051178-A). 
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in nude mice, human-derived stroma is rapidly replaced by host 
mouse stroma (Supplementary Fig. 9)'°. To differentiate Hh pathway 
activity in the tumour versus stromal compartments, species-specific 
primer/probe sets were generated to detect human tumour versus 
mouse stromal pathway genes (Supplementary Table 2). We 
observed a statistically significant correlation between the levels of 
SHH and IHH expression in the tumour and activation of Hh sig- 
nalling, as judged by Glil (Fig. 2g, right panels) and Ptch1 (data not 
shown), in the stroma. This correlation was not detected within the 
tumour compartment alone (Fig. 2g, left panels, GLIJ). Human 
PTCH1 mRNA was also evaluated by RT-PCR and no correlation 
was observed with human SHH or IHH in the tumour compartment 
(data not shown). Overall, the absolute level of Glil expression in the 
stromal infiltrate of individual xenografts was higher compared to 
those originating from the tumour epithelium (Supplementary Fig. 
10). Taken together, these data support a model in which Hh ligands 
produced by the tumour cells activate the pathway in the surround- 
ing stroma. 

To address whether tumours producing Hh ligands are dependent 
on the paracrine activation of the Hh pathway for growth, xenografts 
were generated from biopsies of patients with pancreatic adenocarci- 
noma (1051178-A) and colon adenocarcinoma (D5123). Both mod- 
els express significant levels of SHH and/or IHH mRNA (Fig. 2g). 
D5123 tumours did not express any detectable SMO mRNA in the 
tumour epithelium (cycling threshold, C, = 39). Oral administration 
of HhAntag to mice harbouring these primary human xenografts 
resulted in significant growth delay in both models (Fig. 3a), with 
average tumour growth inhibitions of 29% and 48%, respectively. 
Significantly, the doses of HhAntag required to inhibit growth were 
similar to the doses required to fully inhibit endogenous Hh target 
genes in tumour stroma or in surrogate normal tissues, suggesting 
that growth inhibition is a specific consequence of Hh inhibition 
(Supplementary Fig. 11). Next we analysed a panel of colon cell lines 
with differential levels of Hh ligand expression. Whereas HT55 and 
HT-29 cells expressed increased levels of both SHH and IHH, neither 
ligand was detectable in DLD-1 cells (Supplementary Figs 6 and 7). 
Furthermore, HT-29 cells did not express detectable SMO mRNA 
(C, = 40). HhAntag treatment resulted in a statistically significant 
growth delay of HT55 and HT-29 xenografts compared to vehicle 
controls, whereas HhAntag had no effect on the growth of DLD-1 
xenografts (Fig. 3b). Furthermore, the in vivo activity was not reflect- 
ive of the activity observed in vitro (Fig. la and Supplementary Fig. 5). 
To demonstrate further that the growth delay observed with 
HhAntag is specific, mice harbouring HT55 and HT-29 xenografts 
were treated with the Hh ligand-blocking antibody 5E1. Analogous 
to the degree of growth inhibition observed with HhAntag, 5E1 
resulted in a statistically significant growth retardation in both mod- 
els (Fig. 3c). In all xenografts tested, Hh pathway antagonist treat- 
ment resulted in the downregulation of canonical Hh target genes in 
the stromal microenvironment, but not within the tumour epithe- 
lium, as determined by species-specific expression profiling (Fig. 4a, 
b and data not shown). Overall, these data suggest that the growth 
effect mediated by Hh pathway inhibition is by means of its action on 
the stromal microenvironment and is consistent with a paracrine 
signalling mechanism. 

Finally, to validate further the contribution of Hh-activated 
stroma to tumour growth, we assessed the ability of fibroblasts defi- 
cient in Hh signalling to support the growth of HT-29 cells expressing 
luciferase (HT29-Iuc). Mouse embryonic fibroblasts (MEFs) were 
isolated from mice engineered to conditionally remove Smo on 
tamoxifen induction of Cre recombinase activity (CAGGCreER; 
Smo“) '7"8, After tamoxifen treatment, induction of Cre activity led 
to a greater than 85% reduction in Smo expression (Supplementary 
Fig. 12), and near complete inhibition of Gli] upregulation in response 
to Hh stimulation when compared to control (Smo“'©) MEEs (Fig. 4c). 
Whereas implantation of a suboptimal number of HT29-Iuc cells 
in mice did not result in measurable tumours at 26 days 
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post-implantation, co-injection of HT29-luc cells with tamoxifen- 
treated MEFs from CAGGCreER;Smo“© mice resulted in smaller 
tumours compared to HT29-luc cells co-injected with Smo“ control 
MEFs (Fig. 4d). Imaging of mice revealed a significant decrease 
in luciferase activity in mice implanted with HT29-luc/ 
CAGGCreER;Smo“~ MEFs compared to HT29-luc/ Smo”“© MEFs, 
demonstrating that the tumour size differences were indeed caused 
by differences in HT29-luc growth (Fig. 4e, f). These data demonstrate 
that Hh activity in the stromal microenvironment can provide a growth 
advantage to tumour cells. 

We have found that tumours overexpressing Hh ligand(s) activate 
the signalling pathway in neighbouring stromal cells. This conclusion 
differs from that presented in several recent publications, the con- 
clusions of which were largely based on inhibition of proliferation 
using high concentrations of Hh pathway antagonists, as well as the 
use of artificial reporter constructs to monitor Hh pathway activity. 
Although we cannot rule out a potential role for Hh signalling in a 
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growth of Hh ligand-expressing tumours in vivo. a, Change in tumour 
volume in two primary human tumour xenograft models after treatment 
with vehicle (filled circles) or Hh antagonists (open triangles; 75 mgkg | 
twice daily for 1051178-A and 100 mgkg | twice daily for D5123); 

*P< 0.001, **P < 0.05 (n = 11 per arm, 1051178-A; n = 8 per arm, D5123). 
b, Change in tumour volume in three colorectal cell line xenografts after 
treatment with vehicle (filled circles) or HhAntag (open triangles; 

75 mgkg | twice daily for HT-29, 100 mgkg_' twice daily for HT55 and 
DLD-1); *P < 0.05 (n = 11 per arm, HT55; n = 10 per arm, DLD-1; n = 20 
vehicle arm, n = 15 HhAntag arm, HT-29). c, Change in tumour volume in 
two Hh-positive colorectal cell line xenografts after treatment with an 
isotype control IgG (filled circles) or 5E1 (open squares); *P < 0.01; 

**P < 0.05 (n = 10 per arm, both models). Data in all panels are expressed as 
mean tumour volumes = s.e.m. 
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Figure 4 | Stromal hedgehog signalling can support tumour growth. a, Heat 
map representing mRNA expression of selected human and mouse genes in 
p1051178-A xenografts after treatment with vehicle (Veh) or Hh antagonist 
(HhAntag). Red, high expression; green, low expression. IGF, insulin-like 
growth factor. b, Hh antagonist treatment results in repression of stromal- 
derived (hatched bars, *P < 0.01), but not tumour-derived (solid bars), Hh 
target genes in 1051178-A xenografts (n = 5), as assessed by species-specific 
qRT-PCR. ¢, Inability of rSHH stimulation to induce Gli] mRNA in 
tamoxifen-treated MEFs derived from CAGGCreER;Smo© mice compared 
to Smo“ MEEs (n = 3). d, Reduction in tumour size 26 days after the 
implantation of 3 X 10° HT29-luc cells with 1.5 X 10° of tamoxifen-treated 
CAGGCreER;Smo“© MEFs compared to Smo“'© MEFs. ND, not detected 
(n = 4). e, In vivo imaging of HT29-luc tumour cells in d. f, Quantified 
bioluminescent images of HT29-luc tumour cells in e (*P = 0.04). All data 
are expressed as means + s.d. 


minor subpopulation of epithelial tumour cells such as self-renewing 
cancer stem cells'’, an epithelia-to-mesenchyma signalling paradigm 
has been well described for Hh in various non-neoplastic settings’ 
and data are beginning to emerge that support this paradigm in 
neoplastic models”. How Hh pathway inhibition in the stromal 
microenvironment suppresses tumour growth remains to be eluci- 
dated. Hh-driven mesenchymal signals could influence the structural 
interactions between the tumour epithelium and its microenviron- 
ment or stromal Hh signalling could affect the expression of soluble 
factors in the tumour microenvironment that are used by either the 
tumour epithelium or additional stromal cell types. Stimulation of 
the Hh pathway in mesenchymal cells has been shown to regulate 
genes and pathways that are involved in tumorigenesis and meta- 
stasis’’**. We find that inhibition of Hh signalling in the stroma can 
modulate factors, such as insulin-like growth factor receptor and 
Wnt signalling pathway components (Fig. 4a) that have been linked 
to the pathogenesis of these respective tumour types***°; however, 
the exact role of these pathway(s) remains to be determined. Given 
the growing appreciation of the role that the tumour microenviron- 
ment has in regulating the progression of cancer*’”*, it is probable 
that a combination of multiple factors modulated by Hh pathway 
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inhibition in the stroma would affect the growth characteristics of 
these tumours. Our results have important implications for the clin- 
ical development of Hh pathway antagonists and present a new 
understanding of the way in which Hh antagonists may slow tumour 
growth. 


METHODS SUMMARY 

Cell culture assays. Cells were cultured in triplicate in 0.5% serum-containing 
medium containing HhAntag (Supplementary Fig. 13), cyclopamine or the anti- 
SHH monoclonal antibody 5E1 (ref. 29). The concentration of antagonists 
resulting in 50% inhibition of cell viability at 72h was determined. Co-culture 
experiments were carried out by culturing tumour cells with C3H10T1/2 fibro- 
blasts expressing luciferase under a GLI-responsive promoter for 24h. 
Assessment of endogenous Hh pathway gene expression was performed by cul- 
turing cells for 24 h with rSsHH and/or Hh antagonists in 0.5% serum-containing 
medium. 

In vivo models. Primary human xenografts were established by direct implanta- 
tion of surgical material into female CD1 nu/nu mice of 6-8 weeks of age and 
were serially passaged into larger cohorts of mice for efficacy testing on reaching 
200-350 mm°. HT-29, HT55 and DLD-1 cell lines were established as xenografts 
by injection into the hind flank of CD1 nu/nu mice with 5 x 10° (HT-29 and 
HTS55) or 10 X 10° (DLD-1) cells. HhAntag, or a close derivative, was resus- 
pended in 0.5% methyl-cellulose, 0.2% Tween-80 (MCT) and administered 
orally twice daily as indicated. 5E1 or an isotype control (IgG1) were adminis- 
tered at 60 mgkg ' on day 1 followed by 30 mgkg | weekly by means of intra- 
peritoneal delivery. Tumour volumes were calculated as (L X W X W)/2, where 
W represents width and L represents length. Statistical analysis was performed on 
mean tumour volumes at the end of the study using the Dunnett’s test. 
Conditional (floxed) Smo mice (Smo) and tamoxifen-inducible CAGGCre- 
ER transgenic mice were obtained from A. McMahon. 

Gene expression profiling. Microarray gene expression analysis was carried out 
on Affymetrix Human Genome U133 Plus 2.0 (Supplementary Information File 1) 
or Mouse Genome 430 2.0 arrays (Supplementary Information File 2). Hh pathway 
genes were quantitatively assessed in frozen human tissue lysates, cell lines or 
xenograft tissues by Taqman. Assay information can be found in Supplementary 
Tables 2 and 3. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Reagents, cell lines and cell culture. HhAntag was synthesized as described in 
Supplementary Fig. 13. Cycoplamine was purchased from Toronto Research 
Chemicals, Inc. The mouse anti-Shh monoclonal antibody 5E1 (ref. 29) was 
protein-A-purified and confirmed for lack of aggregation and endotoxin, as well 
as the ability to block ligand-activated Hh signalling, after gel filtration. 

HEPM cells* were stably transfected with a luciferase reporter gene driven by 
six continuous repeats of the GLI DNA-binding element. The human colon 
fibroblast line CCD-18Co was purchased from ATCC (CRL-1459). MEFs from 
CAGGCre-ER;Smo“© and control mice were isolated according to published 
methods and treated with tamoxifen (11M) in vitro for 5 days before testing 
for Hh responsiveness in vitro and/or mixing with HT29-luc cells for implanta- 
tion into CD1 nude mice. 

Cell viability was measured at 72h using the Celltiter-Glo Luminescent Cell 
Viability Assay kit (Promega), and the concentration of HhAntag resulting in 
50% inhibition of cell viability was determined from a minimum of two experi- 
ments. Co-culture experiments were carried out by culturing tumour cells at a 
4:1 ratio with C3H10T1/2 $12 fibroblast GLI-reporter cells’. Luciferase activity 
was measured using the SteadyLite HTS kit (Promega) after 24 h. Assessment of 
Hh pathway target gene expression was performed by culturing cells in triplicate 
in 24-well plates for 24 h with 300 ng ml ' rSHH and/or Hh antagonists in 0.5% 
serum-containing medium. RNA was isolated using Qiagen RNeasy Mini Kit. 
Reporter gene assays. Twenty-four hours after plating, cells were transfected for 
18 h with either GLI-luciferase or NFx B-luciferase reporter plasmids in combina- 
tion with a control herpes simplex virus thymidine kinase (HSV-TK) -luciferase 
plasmid using the Fugene6 transfection reagent (Roche) and then re-plated into 
96-well culture plates. Six hours later, Hh antagonist and/or 1 pg ml! rSHH were 
added to cells in quadruplicate in 0.5% serum-containing medium. Cultures were 
re-fed 24h later, and plates were assessed for firefly and Renilla luciferase activity 
after an additional 24h using the Promega Dual-Glo luciferase kit. 
Immunofluorescence. To evaluate Hh pathway activation in vivo, Ptchl- 
lacZ;Rag2 ‘~ mice were implanted with pancreatic tumour cells lines expressing 
differential levels of Hh ligands. Fourteen days after implantation, xenografts 
were excised and fixed in 4% paraformaldehyde before embedding in OCT 
(frozen tissue matrix). Sections were incubated with anti-B-galactosidase 
(1:10,000, Cappel) and FITC-conjugated anti-ESA (epithelial specific antigen, 
1:100, Biomeda) overnight (16 h), followed by secondary Cy3-anti-rabbit (1:400, 
Jackson Immunoresearch) incubation for one hour. Nuclei were visualized with 
4,6-diamidino-2-phenylindole (DAPI, blue) in Vectamount (Vector 
Laboratory). 

Xenograft models. Primary tumour samples were provided by the National 
Disease Research Interchange (NDRI) and the Cooperative Human Tissue 
Network, which is funded by the National Cancer Institute. Other investigators 
may have received samples from these same tissues. Primary human xenografts 
were established by direct implantation of surgical material into female CD1 nu/ 
nu mice of 6-8 weeks of age (Charles River Laboratories, Inc.). All mice were 
housed and maintained according to the animal use guidelines of Genentech, 
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Inc., conforming to California State legal and ethical practices. Tissue specimens 
were shipped in RPMI-containing antibiotics on wet ice and implanted within 
24h after rinsing in DMEM containing 0.11mgml_! sodium pyruvate, 
1.125 ug ml”! amphotericin B and 1 mgml' kanamycin. Tissue was minced 
with scalpels to a size of <1 mm’, and approximately 100 mg of tissue was 
implanted in the subcutaneous space of the hind flank using blunt dissection 
anda 10G trocar. Tumour lines were serially passaged into larger cohorts of mice 
for efficacy testing. Mice were distributed into tumour-volume-matched cohorts 
when tumours reached between 200mm? and 350mm. HT-29, HT55 and 
DLD-1 cell lines were purchased from ATCC and were established as xenografts 
by injection into the hind flank of 6-8-week-old female CD1 nu/nu mice with 
5 X 10° (HT-29 and HT55) or 10 X 10° (DLD-1) cells resuspended in Hanks’ 
balanced salt solution. Tumour-bearing mice were distributed into tumour- 
volume-matched cohorts when the tumours reached between 80mm” and 
120 mm?. HhAntag, or a close derivative, was resuspended in MCT and admi- 
nistered orally twice daily at either 100 or 75 mgkg ' from a 10mgml  sus- 
pension as indicated. 5E1 or an isotypic control (IgG1) were dissolved in PBS and 
administered at 60 mgkg | on day 1 and then at 30 mg kg | weekly by intraper- 
itoneal delivery. Tumour volume and animal weights were monitored twice 
weekly and tumour volume calculated as (L X W X W)/2. 
Expression studies. For the analysis of SHH and IHH mRNA expression in 
multiple human tissue specimens, data were obtained from Gene Logic, Inc. 
Microarray gene expression analysis of RNA extracted from primary xenograft 
tissue was carried out on two separate platforms, Human Genome U133 Plus 2.0 
and Mouse Genome 430 2.0 arrays (Affymetrix). Preparation of complementary 
RNA, array hybridizations and subsequent data analysis were carried out using 
the manufacturers’ protocols, with signal intensities being determined by the 
MASS5.0 algorithm. Hh pathway genes were quantitatively assessed by Taqman 
and transcript levels were normalized to the housekeeping genes B-glucuroni- 
dase (GUSB) or ribosomal protein L19 (RPL19). Results are expressed as normal- 
ized expression values (= 24°) or normalized expression relative to a cell line 
pool representative of multiple tissue types (= 2-44“), unless otherwise stated. 
For xenograft model profiling, gene expression in each compartment was nor- 
malized to the same species-specific housekeeping gene to ensure that observed 
differences weren't due to differences in the degree of stromal infiltrate. 
Correlations in gene expression were evaluated by Spearman rank tests and 
P-values were reported. Sequences of primer/probes are shown in 
Supplementary Table 3 and species-specificity of human/mouse Taqman assays 
is confirmed in Supplementary Table 2. 
Fluorescence-activated cell sorting. Cells were stained with either mouse anti- 
Hh antibody 5E1 or isotype control antibody and then followed by biotin-con- 
jugated anti-mouse, streptavidin-phycoerythrin and propidium iodide. Stained 
live (PI-excluded) cells were analysed on a FacsCalibur, and data were plotted 
using the FlowJo software package. 


30. Yoneda, T. & Pratt, R. M. Mesenchymal cells from the human embryonic palate 
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S-nitrosylation of histone deacetylase 2 induces 
chromatin remodelling in neurons 


Alexi Nott!, P. Marc Watson’, James D. Robinson’, Luca Crepaldi' & Antonella Riccio’ 


Brain-derived neurotrophic factor (BDNF) and other neuro- 
trophins have a vital role in the development of the rat and mouse 
nervous system by influencing the expression of many specific 
genes that promote differentiation, cell survival, synapse forma- 
tion and, later, synaptic plasticity’. Although nitric oxide (NO) is 
known to be an important mediator of BDNF signalling in neu- 
rons’, the mechanisms by which neurotrophins influence gene 
expression during development and plasticity remain largely 
unknown. Here we show that BDNF triggers NO synthesis and 
S-nitrosylation of histone deacetylase 2 (HDAC2) in neurons, 
resulting in changes to histone modifications and gene activation. 
S-nitrosylation of HDAC2 occurs at Cys 262 and Cys 274 and does 
not affect deacetylase activity. In contrast, nitrosylation of HDAC2 
induces its release from chromatin, which increases acetylation of 
histones surrounding neurotrophin-dependent gene promoters 
and promotes transcription. Notably, nitrosylation of HDAC2 in 
embryonic cortical neurons regulates dendritic growth and 
branching, possibly by the activation of CREB (cyclic-AMP- 
responsive-element-binding protein)-dependent genes. Thus, by 
stimulating NO production and S-nitrosylation of HDAC2, neu- 
rotrophic factors promote chromatin remodelling and the activa- 
tion of genes that are associated with neuronal development. 

Although most cells in multicellular organisms contain an ident- 
ical genome, different cell types stably express different sets of genes, 
reflecting progressive and persistent alterations in chromatin struc- 
ture that underlie cell specialization and cell memory**. The differ- 
entiation of multipotent stem cells into neurons is a quintessential 
example of epigenetics at work. Despite growing evidence that neu- 
rotrophic factors and other extracellular signals influence the epigen- 
etic changes associated with gene transcription, the details of how 
they regulate these changes are still poorly understood. 
Neurotrophins are a family of peptide growth factors that exert their 
growth and survival-promoting effects on neurons through the 
activation of various intracellular signalling pathways, including 
the NO pathway~>*. In the nervous system, NO has been linked to 
many physiological and pathological functions, including neurogen- 
esis, hippocampal long-term potentiation, neurodegeneration and 
neuronal survival and differentiation’*. There is increasing evidence 
that NO can act by directly modifying cysteine residues in target 
proteins”'®. Cysteine nitrosylation (S-nitrosylation) is now regarded 
as a selective and specific signal controlled by cellular NO’. 
S-nitrosylation of transcription factors in the cytoplasm, for example, 
is one way that NO can regulate gene expression''. 

To investigate how neurotrophins regulate NO-dependent gene 
expression, we first tested whether BDNF stimulation induced nuc- 
lear localization of NO in rat cortical neurons. To visualize NO, we 
used 4-amino-5-methylamino-2’,7'-difluororescein diacetate (DAF- 
FM DA), a fluorescent dye that specifically binds NO”. In basal 
conditions, NO was synthesized at low levels in many neurons 


(Fig. 1a, b). Stimulation of cortical neurons with BDNF for 30 min 
resulted in a rapid accumulation of DAF-FM DA reactivity in both 
cytoplasmic and nuclear compartments. Pre-treatment of cortical 
neurons with the specific neuronal NO synthase (nNOS) inhibitor 
NO-propyl-t-arginine (NPA, 300 uM) consistently resulted in a lack 
of BDNF-stimulated DAF-FM DA reactivity (Fig. la, b). Notably, 
removal of NPA from the culture medium followed by stimulation 
with BDNF resulted in a pronounced increase of DAF-FM DA react- 
ivity in both the nuclear and cytoplasmic compartments (Fig. 1a, b). 
To test whether the NO generated on neurotrophin treatment 
directly modifies cytoplasmic and nuclear proteins by means of 
S-nitrosylation, we used the biotin-switch assay’*"’. Stimulation of 
cortical neurons with BDNF induced S-nitrosylation of several 
proteins detected in whole cell extracts (Fig. 1c, arrows), many of 
which were nitrosylated within minutes of exposure of the neurons to 
BDNF and remained nitrosylated 1 h after stimulation. Measurement 
of nuclear and cytoplasmic extracts exposed to the NO donor 
S-nitrosocysteine (SNOC) showed that several nuclear proteins are 
targets of NO, and are therefore potential substrates of 
S-nitrosylation in vivo (Fig. 1d, arrows and Supplementary 
Information 1). The S-nitrosylation pattern of nuclear proteins was 
clearly distinct from the cytoplasmic pattern, with prominent nuclear 
nitrosylation of proteins of molecular masses 90, 75, 38 and 25 kDa. 

One function of NO in the nucleus may be to regulate the interaction 
of transcription factors with chromatin”’*. During transcriptional 
activation, the tightly compacted chromatin is modified by histone 
acetyltransferases, which are recruited to gene promoters, and this 
chemical modification is counteracted by histone deacetylases 
(HDACs)’””°. As NO influences gene expression primarily by changing 
the acetylation state of chromatin associated with the promoter of 
neurotrophin-regulated genes” (Supplementary Fig. 2a, b), we inves- 
tigated whether NO influences histone acetylation by modifying his- 
tone deacetylase activity. Messenger RNA and protein expression 
analyses showed that HDAC2 is highly expressed in embryonic neu- 
rons (A.N. and A.R., unpublished observations). To test whether 
HDAC2 itself may be a target of BDNF-dependent S-nitrosylation, 
cortical neurons were stimulated with BDNF and nitrosylated proteins 
were precipitated and subjected to HDAC2 immunoblotting analysis 
(Fig. 2a). BDNF was found to induce a rapid and sustained 
S-nitrosylation of HDAC2. Moreover, treatment of either cortical neu- 
rons or HEK293T cells overexpressing nNOS with the Ca** ionophore 
A23187 also led to an increase in the S-nitrosylation of HDAC2 (Fig. 2a, 
b). BDNF and A23187 stimulation did not induce HDAC2 
S-nitrosylation in cortical neurons lacking nNOS (Fig. 2b and 
Supplementary Fig. 2d). Experiments performed using the Saville— 
Griess assay, an alternative biochemical assay to assess protein 
S-nitrosylation*’”, confirmed that recombinant HDAC2 is strongly 
nitrosylated after treatment with SNOC in vitro (Supplementary 
Fig. 2c). 


'MRC Laboratory for Molecular and Cell Biology, and Department of Neuroscience, Physiology and Pharmacology, University College London, London WCIE 6BT, UK. 
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HDAC2Z belongs to the class I HDACs, which includes HDAC1 to 
HDAC3 and HDACS. Structural analysis has shown that the con- 
served deacetylase domain of class I HDACs includes an active site 
containing a zinc-binding domain” (Supplementary Fig. 3a). We 
first tested whether the cysteine located in the deacetylase domain, 
Cys 152, was the acceptor site of S-nitrosylation. Mutation of Cys 152 
to alanine did not influence HDAC2 nitrosylation (A.N. and A.R., 
unpublished observations). Structure-to-function analysis of 
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Figure 1| BDNF induces nuclear NO synthesis and S-nitrosylation of 
nuclear and cytoplasmic proteins. a, Neurons were incubated for 30 min 
with DAF-FM DA and stimulated with BDNF (75 ng ml ! for 30 min), NPA 
(300 uM for 30 min), BDNF in the presence of NPA (NPA + BDNF), NPA 
followed by BDNF (NPA washed + BDNF) or vehicle (Ctrl). Cells were 
stained with Hoechst and CellTracker and images were captured using a 
Leica DM 2500 confocal microscope. Scale bars, 25 um (top panels) and 

75 um (bottom panel). b, Quantitative analysis of the data shown in a. Shown 
are the averages and the s.e.m.; 1 = 3. ¢, Biotin-switch assay of cortical 
neurons treated with either BDNF for the indicated times (in minutes) or 
200 uM SNOC for 15 min. Neurons were subjected to the biotin-switch assay 
followed by anti-biotin western blot. The arrows indicate proteins that are 
nitrosylated after BDNF stimulation; n = 3. Equal loading was assessed by 
HDAC2 western blotting. d, Neuronal nuclear (left blot) and cytoplasmic 
(right blot) proteins were exposed to S-nitrosoglutathione (GSNO, 100 11M) 
in vitro and subjected to the biotin-switch assay. The purity of nuclear and 
cytoplasmic fractions was assessed by western blot analysis of histone H4 
(bottom panels). The arrows indicate proteins that are nitrosylated after 
BDNF stimulation. CE, cytoplasmic extracts; Ctrl*, mix of control proteins 
exposed to GSNO; Ctrl, mix of control proteins left untreated (the mix does 
not contain histones); NE, nuclear extracts; WCL, whole cell lysate; n = 3. 
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HDAC2 showed that two residues, Cys 262 and Cys 274, were nitro- 
sylated after SNOC treatment (Fig. 2c and Supplementary Fig. 3b, c). 
Single mutation of either Cys 262 or Cys274 to alanine did not 
change HDAC2 nitrosylation, whereas double mutation of both 
Cys262 and Cys274 completely abolished S-nitrosylation of 
HDAC2 (Fig. 2c). Notably, Cys 262 and Cys 274 were also nitrosy- 
lated when cortical neurons were stimulated with BDNF (Fig. 2d, e). 

As for other post-translational modifications, S-nitrosylation may 
regulate protein functions in more than one way. Nitrosylation of 
critical cysteine residue(s), for example, may influence their enzym- 
atic activity'’®****. Alternatively, S-nitrosylation may induce a con- 
formational change that influences the interaction of the nitrosylated 
protein with its binding partners’*'>'”*®. To test whether BDNF- 
dependent NO signalling regulates HDAC2 activity, cortical neurons 
were stimulated with BDNF or SNOC, cell lysates were immunopre- 
cipitated with an HDAC2 antibody, and HDAC2 activity was 
assessed using a fluorimetric assay. We observed no difference in 
HDAC2 activity between untreated and _ stimulated cells 
(Supplementary Fig. 4a, b). Moreover, HDAC2 activity was not sig- 
nificantly affected in PC12 cells expressing the wild-type 
(HDAC2“") or the double mutant form of HDAC2 
(HDAC207°4/62744) | which is not nitrosylated, after treatment with 
either nerve growth factor (NGF) or SNOC (Fig. 3a and 
Supplementary Fig. 4a, b). 

To determine whether HDAC2 S-nitrosylation affects its ability to 
associate with DNA, we performed chromatin immunoprecipitation 
(ChIP) assays using PC12 cells expressing either HDAC2™" or 
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Figure 2 | BDNF induces S-nitrosylation of HDAC2 on Cys 262 and 

Cys 274. a, Cortical neurons and nNOS-expressing HEK293T cells were 
stimulated with either BDNF for the indicated times (minutes), GSNO or 
50 uM A23187 for 20 min. Protein extracts were subjected to the biotin- 
switch assay followed by streptavidin precipitation and HDAC2 western 
blotting; n = 3. Equal loading was assessed by HDAC2 western blotting. 

b, Biotin-switch assay of BDNF-treated cortical neurons derived from wild- 
type (left lanes) or nNOS null (right lanes) mouse embryos. Neurons were 
stimulated with BDNF or A23187 for 20 min. Precipitations were performed 
using streptavidin followed by HDAC2 western blotting; n = 3. c, Biotin- 
switch assay of HEK293T cells transfected with HDAC2™?, HDAC2°°4, 
HDAC2@”*4, HDAC2©2624/@2744 oy empty vector (EV), and treated with 
SNOC. Streptavidin precipitation (IP) was followed by HDAC2 western 
blotting (WB); n = 3. d, Cortical neurons were transfected with HDAC2“* 
or HDAC2°°4/744 vectors and stimulated with BDNF or unstimulated 
(Ctrl). S-nitrosylation was assessed using the biotin-switch assay. End- 
HDAC2, endogenous HDAC2; Flag-HDAC2, Flag-tagged HDAC2 
expression vectors. e, Densitometric analysis of the data in d. Shown are the 
averages and the s.e.m.; n = 3. 
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HDAC2°7°°“/2744, We analysed rat Fos, Egrl, Vgf and Nos! (also 
known as nNOS) genes, as they are regulated by BDNF and contain a 
CREB binding site in their promoters’. In resting conditions, 
HDAC2™" was associated with Fos, Egrl, Vgf and Nos1 promoters. 
On stimulation with either NGF or SNOC, HDAC2™" readily dis- 
sociated from the chromatin (Fig. 3b, c and Supplementary 5a). 
In contrast, HDAC2°°*"?7 remained strongly associated with 
the promoters after NGF stimulation or SNOC treatment (Fig. 3b, c 
and Supplementary 5a). To test whether expression of 
HDAC27°""744 in PC12 cells inhibited NGF-dependent histone 
acetylation, we performed ChIP analysis of cells transfected with 
HDAC2™™ or the HDAC2°?744 mutant. As expected, the treat- 
ment of PC12 cells expressing either an empty vector or HDAC27 
with NGF or SNOC induced rapid acetylation of histones H3 and H4, 
as assessed using either acetylated histone H3 K9/K14 or 
pan-acetylated histone H4 antibodies (Fig. 3d and Supplementary 
5b). In contrast, when PC12 cells were transfected with 
HDAC2°7°?744, NGF failed to induce histone acetylation of the 
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Figure 3 | S-nitrosylation of HDAC2 regulates its association with 
chromatin. a, PC12 cells were transfected with the indicated HDAC2 
carboxy-terminal Flag-tagged vectors. Anti-Flag antibody 
immunoprecipitates (IP) were subjected to HDAC assay. Shown are the 
averages and the s.e.m.; n = 3; a.u., arbitrary units. b, ChIP analysis of PC12 
cells transfected with Flag-tagged HDAC2™", HDAC2°"/744 or empty 
vector (EV) and stimulated with NGF (100 ng ml ') or SNOC for 20 min. 
Flag immunoprecipitation was followed by PCR for the Fos promoter. Ctrl, 
vehicle; PI, immunoprecipitation with pre-immune serum; n = 3. ¢, Real- 
time PCR quantification of ChIP analyses. Data were normalized by total 
input and represented as the fold change over unstimulated control. Shown 
are the averages and the s.e.m.; n = 3; asterisk, P< 0.05; double asterisk, 
P<0.005. d, Real-time PCR quantification of ChIP analysis of PC12 cells 
transfected with HDAC2 vectors as indicated, and stimulated with NGF or 
SNOC. Acetylated histone H3 (AcH3 K9/K14) and pan-acetylated histone 
H4 (AcH4) immunoprecipitation was followed by quantitative PCR analysis 
of the Fos promoter. Data were normalized by total input and represented as 
fold changes over unstimulated control. Shown are the averages and the 
s.e.m; n = 3; asterisk, P< 0.001. e, Northern blot analysis of PC12 cells 
transfected with HDAC2 vectors and stimulated with NGF for the indicated 
times (minutes); n = 3. 
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chromatin surrounding the Fos, Egr1, Vgfand Nos! promoters (Fig. 3d 
and Supplementary 5b). Taken together, these results indicate that 
neurotrophin-dependent nitrosylation of HDAC2 on the critical 
cysteine residues Cys 262 and Cys 274 is necessary to induce the dis- 
sociation of HDAC2 from chromatin and thereby facilitate acetylation 
of histones H3 and H4. 

To determine whether HDAC2 nitrosylation mediates BDNF- 
dependent transcriptional activation of Fos, Vgf and Egrl1 genes in 
cortical neurons, PC12 cells were transfected with HDAC2™™, 
HDAC2°7°**/?744 or an empty vector and stimulated with NGF 
for various time points. Northern blot analysis showed that the 
expression of HDAC2°°*4/?744 significantly inhibited NGF- 
dependent transcription of Fos, Vgf and Egr1, whereas HDAC2“" 
or empty vector did not affect Vgfand Egrl transcription (Fig. 3e). 
Although HDAC2™“" did not change Fos promoter activity 
(Supplementary Fig. 6a), it did reduce endogenous Fos expression, 
suggesting that it is also affecting chromatin regions outside the CRE- 
containing promoter. 

We next examined the effects of HDAC2 nitrosylation on neuronal 
differentiation and the development of dendrites. Cortical neurons 
were transfected with HDAC27°°"/?44, HDAC2™! or empty vector 
and the dendritic morphology was visualized by co-transfecting with a 
green fluorescent protein (GFP) vector. Quantitative analysis showed 
that in unstimulated neurons, expression of HDAC207024/0274A 
decreased the total and the average dendritic length, whereas dendritic 
branching was only slightly reduced (Fig. 4a, cand Supplementary 7a). 
To test whether HDAC2 nitrosylation influenced stimulus-dependent 
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Figure 4 | Neurotrophin-dependent S-nitrosylation of HDAC2 regulates 
dendritic growth. a, b, Average (a) and total (b) dendritic length of cortical 
neurons transfected with HDAC2 vectors and grown under basal conditions 
(a) or stimulated with 50 mM KCI (a, b). At least 30 neurons were analysed 
for each condition for each experiment. Shown are the averages and the 
s.e.m.; 1 = 3; asterisk, P = 0.001. ¢, Examples of cortical neurons transfected 
with HDAC2 vectors and either stimulated with KC] or left untreated. Scale 
bar, 40 jum. d, Dendritic growth analysis of neurons transfected with rat 
sirHdac2 and empty vector, rat sirHdac2 and mouse HDAC2™! (WT), rat 
sirHdac2 and mouse double mutant HDAC2©°74/@2744 (DM), or with 
empty vector alone (EV). The average dendritic length (left), the total 
dendritic length (middle) and the number of branch points per cell (right) 
were assessed. Shown are the averages and the s.e.m.; n = 3; asterisk, 
P=0.001; double asterisk, P < 0.05. 
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dendritic growth, quantitative analysis was performed in cortical neu- 
rons maintained with 50mM potassium chloride, a condition that 
induces neuronal depolarization and calcium influx’’. Notably, cal- 
cium-dependent activation of CREB target genes mediates the dend- 
ritic growth observed under these conditions’. As previously shown, 
stimulation of cortical neurons with potassium chloride for 48 h sig- 
nificantly increased dendritic growth (Fig. 4a). Expression of 
HDAC2*7°?744, but not HDAC2™ or empty vector, reduced pot- 
assium-chloride-dependent axon growth and markedly affected neur- 
onal morphology (Fig. 4a—c and Supplementary Fig. 7a). As an 
alternative approach, we inhibited HDAC2 by transfecting cortical 
cultures with a rat-specific HDAC2 short interfering RNA (siRNA; 
sirHdac2; Supplementary Fig. 7b). Cortical neurons were transfected 
with sirHdac2 and mouse HDAC2™', mouse HDAC207°**/©?744 or 
empty vector alone, and the average dendritic length, the total dend- 
ritic length and the number of branches per cell was assessed. Silencing 
of HDAC2 increased the average dendritic length and the number of 
branch points per neuron (Fig. 4d), an effect that was rescued by 
mouse HDAC2™? expression. In contrast, HDAC20262A/0274A 
expression inhibited dendritic growth and the number of branch 
points per cell (Fig. 4d). Taken together, these findings indicate that 
HDAC2 S-nitrosylation regulates dendritic growth and branching, 
possibly by the activation of CREB-dependent genes. 

In unstimulated neurons, HDAC2 is tightly associated with gene 
promoters and represses transcription by deacetylating histones and 
possibly other chromatin-associated proteins. After neurotrophin 
stimulation and membrane depolarization, NO is synthesized and 
can diffuse into the nucleus where it nitrosylates HDAC2, facilitating 
the dissociation of the enzyme from chromatin. The release of 
HDAC2 in repressor complexes, concomitant with the recruitment 
of nuclear activators (as histone acetyltransferases, for example), 
promotes histone acetylation and the onset of transcription 
(Supplementary Fig. 7c). nNOS is mainly responsible for NO pro- 
duction in the nervous system, and its expression is tightly regulated 
both temporally and spatially*. In the developing brain, nNOS 
reaches the highest expression level between embryonic day 16 
(E16) and postnatal day 0 (PO), and this expression corresponds with 
the migration of neuronal precursors from the ventricular zone to the 
external layers of the cortex. nNOS is also expressed in sensory neu- 
rons between E12 and E15, when these neurons are highly dependent 
on neurotrophins for survival and growth’. Here we have shown that 
BDNF, NGF and possibly other neurotrophins, can influence chro- 
matin remodelling in neurons by S-nitrosylation of HDAC2. It is 
therefore conceivable that NO mediates the epigenetic changes that 
are induced by neurotrophins and by synaptic activity, and deter- 
mines the expression of genes responsible for cell-fate choice and 
neuronal migration. Our findings have further implications beyond 
the mechanisms that regulate the early development of the nervous 
system and may extend to various physiological functions in the adult 
brain. Exposing animals to a new and enriched environment, for 
example, can partially revert memory loss and neurodegeneration 
by mechanisms that involve changes in histone acetylation, and pos- 
sibly NO signalling*”’. Notably, in a mouse model of neurodegenera- 
tion, administration of the general HDAC inhibitor sodium butyrate 
markedly inhibits neuronal loss and improves memory perfor- 
mances”’. In such neurodegenerative disorders, manipulation of 
NO signalling may prove to be a more specific therapeutic approach 
than the use of general HDAC inhibitors. 


METHODS SUMMARY 

DAF-FM DA staining. Neurons were grown in vitro for 5 days and incubated 
with DMEM containing DAF-FM DA (Molecular Probes; 10 uM for 30 min at 
37 °C). Cells were treated with BDNF (75 ng ml — '), NPA (300 uM), BDNF in the 
presence of NPA, or BDNF after the removal of NPA. Neurons were stained with 
CellTracker and Hoechst to visualize cell bodies and nuclei, fixed with 4% 
paraformaldehyde and images were captured with a Leica DM 2500 confocal 
microscope. 
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Biotin-switch assay. The biotin-switch assay is a sensitive assay that has been 
successfully and extensively used to detect S-nitrosylated proteins by specifically 
labelling nitrosylated cysteines with a biotin moiety'”'*'’. Biotinylated proteins 
can be easily detected by biotin western blot or streptavidin precipitation fol- 
lowed by western blotting. It is essential to perform the assay in the dark, as 
exposure of the samples to ultraviolet light may result in non-specific signals. We 
performed the biotin-switch assay as described'*'* with minor modifications. 
The assay is explained in detail in the Methods. 

Analysis of dendritic growth. E17 cortical neurons were cultured on glass cover- 
slips coated with laminin and poly-p-lysine, and transfected after 4h in vitro. 
Transfections were carried out using 0.12 ug of GFP vector, 1.2 1g of HDAC2 
vectors, 15nM of rat sirHdac2 oligos (Dharmacon) and 2 ul of Lipofectamine 
2000 (Invitrogen). Neurons were incubated for 4h at 37 °C and culture medium 
was replaced with the original plating medium with or without KCl (50mM). 
Forty-eight hours after transfection, cells were fixed and quantitative analysis of 
dendritic growth and branching was assessed as described’’. Neurites were con- 
firmed to be dendrites by MAP2 staining (A.N. and A.R., unpublished observa- 
tions). Rat Hdac2 siRNA sequences are available on request. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Reagents. All biochemical reagents were purchased from Sigma and tissue cul- 
ture reagents were purchased from Gibco (Invitrogen), unless otherwise stated. 
S-nitrosocysteine (SNOC) was prepared as described previously” and used 
within 1h. 

Cell cultures. Embryonic cortical rat and mouse neurons were cultured as prev- 
iously described’. Before experiments, cells were placed in low serum medium 
(3% fetal bovine serum, FBS) containing DL-2-amino-5-phosphonovaleric acid 
(DL-AP5, 50 uM) for 12-16 h. HEK293T cells and PC12 cells were maintained in 
DMEM supplemented with 10% FBS, and 10% FBS plus 5% horse serum, 
respectively. Cells were transfected in Optimem containing 20 1g of DNA and 
20 ul of Lipofectamine 2000 (Invitrogen) and incubated for 4-6 h before repla- 
cing the transfection medium with serum-containing media. Before experi- 
ments, PC12 cells were starved in medium containing 0.5% horse serum 
overnight. 

Biotin-switch assay. This assay was performed in the dark. Cells were lysed in 
HEN buffer (250mM HEPES, 1mM EDTA and 100mM neocuproine) and 
adjusted to contain 0.4% CHAPS. Samples were homogenized and free cysteines 
were blocked for 1h at 50°C in three volumes of blocking buffer (HEN buffer 
plus 2.5% SDS, HENS) containing methyl methanethiosulfonate (200 mM). 
Proteins were acetone precipitated at —20°C and resuspended in 100 ul 
HENS solution. After adding fresh ascorbic acid (20mM) and 1 mM biotin- 
HPDP (Pierce), proteins were incubated at room temperature for 1h. After 
separation using an SDS-PAGE gel, biotinylated proteins were detected with 
streptavidin- HRP (Amersham). Alternatively, biotinylated proteins were resus- 
pended in 100 pl HENS buffer containing 200 ul of neutralization buffer (20 mM 
HEPES, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100) and precipitated with 
50 ul of streptavidin—agarose beads at room temperature for 1 h. The beads were 
washed five times at 4°C using neutralization buffer containing 600 nM NaCl. 
Biotinylated proteins were eluted using 50 pl elution buffer (20 mM HEPES, 
100 mM NaCl, 1mM EDTA, 100 mM f-mercaptoethanol) and heated at 95 °C 
for 5 min in reducing SDS-PAGE loading buffer. 

Extraction of nuclear and cytoplasmic proteins. Nuclear and cytoplasmic 
extracts were prepared using NE-PER nuclear and cytoplasmic extraction kit 
(Pierce) according to the manufacturer’s instructions. 

Chromatin immunoprecipitation. ChIP assays were performed mostly as 
described”. For all cell types, approximately 3-5 X 10° cells were used per 
ChIP. In brief, medium was removed from treated cells and replaced with PBS 
containing 1% formaldehyde. Cells were rinsed twice in PBS, and collected in 
collection buffer containing 100 mM Tris-HCl, pH 9.4, and 1 mM dithiothreitol. 
Cells were collected by centrifugation, rinsed with PBS and pellets were resus- 
pended in lysis buffer containing 0.1% SDS, 0.5% Triton X-100, 20 mM Tris- 
HCl, pH 8.1, and 150 mM NaCl. Samples were sonicated with six 20-s pulses and 
a 10-s interpulse interval. Cell debris was removed by centrifugation, and super- 
natants were pre-cleared by incubation with Protein A-Sepharose beads 
(Amersham Biosciences) for 1h at 4°C. Beads were collected by centrifugation 
and supernatants were subjected to immunoprecipitation. A fraction of the 
supernatant was used for immunoprecipitation input control. The volume of 
each tube was adjusted to 500 ul with lysis buffer, and 5-10 ig of rabbit poly- 
clonal antibody was added overnight at 4 °C. The following polyclonal antibod- 
ies were used: anti-HDAC2 (Santa Cruz), anti-acetyl histone H3 K9/K14 
(Upstate), anti-acetyl histone H4 (Upstate), control IgG (Santa Cruz) and 
anti-Flag M2 monoclonal antibody (Sigma). Immune complexes were collected 
by incubation with Protein A-Sepharose beads for 1h at 4°C. Beads were col- 
lected and subjected to a series of seven sequential washes, as described’. Immune 
complexes were eluted from beads by vortexing in elution buffer containing 1% 
SDS and 0.1M NaHCO3. NaCl was added (final concentration 0.33 M), and 
crosslinking was reversed by incubation overnight at 65 °C. DNA fragments were 
purified using the QIAquick PCR purification kit (Qiagen). For PCR, specific 
sets of primers were designed that flank CRE regions within the upstream reg- 
ulatory regions of the indicated genes. PCR conditions and cycle numbers were 
determined empirically for the different templates and primer pairs. Primers 
amplified fragments ranging in size from 200-400 bp. Primer sequences and PCR 
conditions are available on request. 

Quantitative real-time PCR. PCR reactions (25 pl) contained 12.5 pl of PCR 
Sybr Green mix (NEB) and 0.3 uM of primers. All reactions were performed in 
duplicate with an Opticon 2 System (MJ Research) and each experiment 
included a standard curve, a preimmune control and a NO template control. 
Standard templates consisted of gel-purified PCR products of the Fos, Egr1, Vf 
and Nos1 amplicons of known concentration, and each standard curve consisted 
of seven serial dilutions of the template. At the end of the 46 cycles of amplifica- 
tion, a dissociation curve was performed in which Sybr Green was measured at 
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1 °C intervals between 50 °C and 100 °C. Melting temperatures for Fos, Egr1, Vgf 
and Nos! were 83 °C, 88 °C, 92 °C and 85 °C, respectively. Results were normal- 
ized using total input DNA and expressed as fold changes over unstimulated 
control. 

Purification of recombinant HDAC2. XL-1 Blue bacteria were transformed 
using a pGEX-HDAC2 construct. Cells were centrifuged and washed using a 
high salt buffer (20mM Tris-HCl, pH7.5, 500mM NaCl, 1mM EDTA and 
protease inhibitors). Cells were resuspended in high salt buffer containing lyso- 
zyme (100ugml—') and incubated at room temperature for 15min. 
Dithiothreitol (5 mM) was added to cell lysates and after sonication, the lysates 
were clarified by adding DNasel (2.5 ugml~', 15min at room temperature). 
Glutathione beads were added and lysates were rotated for 30min at 4°C. 
Beads were washed twice with buffer A (20mM Tris-HCl, pH 8.0, 200 mM 
NaCl and 10% glycerol), once with buffer B (20 mM Tris-HCl, pH 8.0, 0.5M 
NaCl and 10% glycerol), once again with buffer A, and equilibrated with 50 mM 
Tris-HCl, pH 9.5. Proteins were eluted with 20mM reduced glutathione in 
50 mM Tris-HCl, pH 9.5. Fractions containing proteins were dialysed in PBS. 
Nos1 mouse line. Nos! homozygous null animals” or wild-type control animals 
were intercrossed to generate null or control litters, respectively. Embryos were 
collected at E16.5 for preparation of primary cortical cultures. 

HDAC2 site-directed mutagenesis and truncations. The pME18S-HDAC2 
(Flag-tagged) construct was a gift from E. Seto*’. Point mutations were carried 
out using the Quickchange II site-directed mutagenesis kit (Stratagene) accord- 
ing to the manufacturer’s instructions. The HDAC2 deletion constructs were 
generated using primers designed with 5’ SalI and 3’ Not! restriction sites to 
allow cloning in the pCMV—Myc plasmid (Clontech). The primers used for 
HDAC2 mutagenesis and deletions are available on request. 
Immunoprecipitation. Lysates were prepared in immunoprecipitation buffer 
(50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5mM EDTA, 0.5% NP40) and soni- 
cated using a BioRuptor (Diagenode). Lysates were pre-cleared with 50 ul of 
Protein A-Sepharose beads (Amersham) and incubated with 5 ug of primary 
antibody overnight on a tube rotator at 4°C. The antibodies used for immuno- 
precipitation were: anti- HDAC2 rabbit polyclonal antibody (Santa Cruz) and 
anti-Flag M2 mouse monoclonal antibody (Sigma). Beads were washed five 
times in immunoprecipitation buffer and either boiled in 2X reducing SDS— 
PAGE loading buffer for western blotting or used in the HDAC assay. 

Histone deacetylase assay. HDAC activity in whole cells lysates and immuno- 
precipitates was assessed using a fluorogenic HDAC assay*’. HDAC acts on the 
non-fluorescent substrate peptide BOC-(acetyl)Lys-AMC (Bachem), allowing 
subsequent trypsin digestion of the deacetylated peptide to yield a fluorescent 
moiety. For whole cell lysates, 15 ul of extract was mixed with a 100 11M fluoro- 
genic HDAC peptide in HDAC buffer (25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 
2.7mM KCI, 1mM MgCl,) to a final volume of 40 ul. After incubation at 37 °C 
for 1 h, the reaction was stopped and the peptide was digested by incubation with 
1M trichostatin A (Tocris Bioscience) and 5 mg ml! trypsin (Sigma). The 
extracts were transferred to a black 96-well plate and read using a Spectramax 
Gemini plate-reader (Molecular Devices) at an excitation wavelength of 355 nm 
and an emission wavelength of 460 nm. For HDAC assay using immunopreci- 
pitates, immunoprecipitated protein bound to Sepharose A beads was washed 
three times in immunoprecipitation lysis buffer and twice in HDAC buffer. 
Fluorogenic HDAC substrate was added to the beads at a final concentration 
of 100 uM in 60 pl HDAC buffer and incubated at 37 °C for 1h, after which the 
reaction was stopped and fluorescence was measured as described above. 

Dual luciferase assay. E17 cortical neurons were cultured in 6-well plates and 
transfected after 4 days in vitro. Transfections were carried out using 2 Lg of Fos— 
luciferase vector (firefly), 1 jug of thymidine-kinase—luciferase (Renilla), 2 ug of 
HDAC2 vectors and 10 tl of Lipofectamine 2000 (Invitrogen). Neurons were 
incubated for 4h at 37 °C and culture medium was replaced with the original 
plating medium. Forty-eight hours after transfection, cells were stimulated with 
75ng ml‘ BDNF, 200 .M SNOC, 300 1M NPA or NPA plus BDNF and samples 
were processed using the dual-luciferase reporter assay system (Promega), 
according to manufacturer’s instructions. 
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Structure of the 30S translation initiation complex 


Angelita Simonetti’, Stefano Marzi’”**”, Alexander G. Myasnikov’””*, Attilio Fabbretti®, Marat Yusupov’”>”, 


Claudio O. Gualerzi® & Bruno P. Klaholz’”** 


Translation initiation, the rate-limiting step of the universal 
process of protein synthesis, proceeds through sequential, tightly 
regulated steps. In bacteria, the correct messenger RNA start site 
and the reading frame are selected when, with the help of initiation 
factors IF1, IF2 and IF3, the initiation codon is decoded in the 
peptidyl site of the 30S ribosomal subunit by the fMet-tRNA™* 
anticodon. This yields a 30S initiation complex (30SIC) that is an 
intermediate in the formation of the 70S initiation complex 
(70SIC) that occurs on joining of the 50S ribosomal subunit to 
the 30SIC and release of the initiation factors’ *. The localization 
of IF2 in the 30SIC has proved to be difficult so far using biochem- 
ical approaches, but could now be addressed using cryo-electron 
microscopy and advanced particle separation techniques on the 
basis of three-dimensional statistical analysis. Here we report the 
direct visualization of a 30SIC containing mRNA, fMet-tRNA™* 
and initiation factors IF1 and GTP-bound IF2. We demonstrate 
that the fMet-tRNA™*"* is held in a characteristic and precise posi- 
tion and conformation by two interactions that contribute to the 
formation of a stable complex: one involves the transfer RNA 
decoding stem which is buried in the 30S peptidyl site, and the 
other occurs between the carboxy-terminal domain of IF2 and the 
tRNA acceptor end. The structure provides insights into the mech- 
anism of 70SIC assembly and rationalizes the rapid activation of 
GTP hydrolysis triggered on 30SIC-50S joining”’ by showing that 
the GTP-binding domain of IF2 would directly face the GTPase- 
activated centre of the 50S subunit. 

The 30SIC complex from Thermus thermophilus was formed by 
incubating purified 30S ribosomal subunits, mRNA, initiator tRNA 
(fMet-tRNA™*), IF1 and IF2 in the presence of GTP which stabilizes 
the IF2—30S interactions* (see Methods and ref. 5). The use of the 
natural IF2-ligand GTP rather than a non-hydrolysable analogue was 
possible because GTP remains stable in the 30SIC until the GTPase 
activity of IF2 is triggered on joining of the 50S subunit’. The com- 
plexes prepared with the 30S subunits showed a higher tendency to 
aggregate than 70S ribosomes; this difficulty could be handled by 
careful particle picking and processing. Despite the optimization of 
the conditions to obtain the 30SIC (see ref. 5), during both structure 
determination by cryo-electron microscopy (cryo-EM) and three- 
dimensional reconstruction these complexes were still of limited 
homogeneity, a typical feature of large, multi-component complexes 
endowed in the present case with the intrinsic flexibility of the 30S 
ribosomal subunit. This problem was overcome by image processing 
and particle separation techniques on the basis of three-dimensional 
statistical analysis (see Methods), a method we developed that allows 
the study of several states (B.P.K., submitted) in contrast to that used 
previously® which is limited to two states. From a single sample this 
procedure yielded several sets of three-dimensional structures (clus- 
tered to five statistically relevant structures), refined to a resolution of 
around 9 A (Fig. 1 and Supplementary Fig. 1), that differ at the level of 


composition or conformations. Whereas both IF1l and fMet- 
tRNA™ *t are visible in all sets, IF2 is absent in sets 4 and 5. A clear 
density for the helix formed by the Shine—Dalgarno/anti-Shine— 
Dalgarno base pairs is seen in all complexes except for sets 3 and 4. 
The set containing the full and best resolved complex (set 1) is 
described in detail and compared with the other sets. 

Comparison of the 30SIC cryo-EM structure with that of a control 
30S mRNA complex (see Methods), with the T. thermophilus 30S 
crystal structures”* and with the 30S subunit of the T. thermophilus 
70S crystal structure”’®, demonstrates a stretched-out density on the 
30S surface that would face the 50S subunit in a 70SIC (see Fig. 2a). 
This density extends from the helix h14 (16S RNA; ‘’ and ‘H’ are 
used to number rRNA helices of the small and large subunit, respect- 
ively) area to the tRNA peptidyl (P)-site area and is attributable to IF2 
and fMet-tRNA™*. Aside from some important functional differ- 
ences discussed later, the positions of IF2 and of fMet-tRNA™* 
correspond to those seen for other ribosome-dependent GTPases 
bound to the factor binding-site and to the 70S P-site-bound 
tRNA, respectively. An additional small density is seen close to the 
decoding site; from its size and position it is attributable to IF1 
exactly as observed by soaking IF1 into 30S crystals''. To analyse 
the molecular interactions within the 30SIC, structures of the indi- 
vidual components were fitted to the experimental map. For this, we 
used the crystal structure of the T. thermophilus 30S—IF1 complex"’, 
the P-site tRNA of the T. thermophilus 70S crystal structures'° and the 
T. thermophilus IF2 homology model derived from the archaeal 
alP5B crystal structure’*'’. The map shows two large structural mod- 
ules for IF2 connected by a narrow density; the size of these modules 
suggests that they correspond to sub-domains I/II (G2/G3) and IN/IV 
(C1/C2). Accordingly, the 30S-bound bacterial IF2 seems to be in a 
new conformation in which domain III (C1) is shifted towards 
domain IV (C2). The amino-terminal and G1 domains are not seen 
in the maps, suggesting that this part of IF2 is disordered in the 30SIC. 

The molecular model obtained shows two anchor points for the 
IF2-fMet-tRNA™* sub-complex on the 30S subunit: one through IF2 
and one through the tRNA decoding stem, thus explaining the stabil- 
ization of the fMet-tRNA™* by IF2 on the 30S subunit even in the 
absence of the 50S subunit. Domains I/II (G2/G3) are in the vicinity of 
helixes h5 and h14 of the 16S RNA (Supplementary Fig. 2). The second 
anchor point is about 95 A away, where the decoding stem of the 
initiator fMet-tRNA™* is buried in a pocket provided by the neck 
of the 30S ribosomal subunit as seen in the T. thermophilus 70S ribo- 
some crystal structures with bound mRNA and tRNA’. On the side 
oriented towards the aminoacyl (A)-site, the tRNA stem interacts with 
ribosomal protein S13; on the other side, the tRNA stem interacts with 
helix h24 and the extended C-terminal tail of protein S9. 

The bridge formed by IF2 and tRNA that connects the two anchor 
points on the 30S subunit is maintained by a tight interaction (strong 
continuous density in the cryo-EM map) between the C-terminal 
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Figure 1| One sample—several structures. Several states of the bacterial 
30SIC from a single sample visualized by cryo-EM and advanced particle 
separation on the basis of three-dimensional statistical analysis. The 
percentage of particles forming each set is given (total data set size: 80,285 
single particle images). a, The density parts corresponding to 30S, fMet- 
tRNA™t, IF1 and IE2 are coloured in orange, red, blue and green, 
respectively. The structure subsets of the 30SIC differ in conformation and 


domain IV (C2) of IF2, the conserved 3’ hexa-nucleotide CAACCA 
end’>'® and part of the double-stranded region of the tRNA (see 
Fig. 2b). Contouring the cryo-EM map at different levels (see insert 
in Fig. 2b) shows that the 3’ tail of the acceptor stem is kinked around 
the position of residues C72—A73, resulting in the 3’-adenine being 
positioned about 15A away from that of a linear CCA tail. This 
conformational change is induced by IF2 and increases the interface 
between the fMet-tRNA™* and the factor. Compared to the stand- 
ard tRNA structures in both free and 70S-bound states, the fitted 
tRNA also shows a distortion at the level of the decoding stem which 
is bent towards the initiation codon. A similar distortion has been 
seen for A-/T-site tRNA bound to the 70S in the presence of elonga- 
tion factor EF-Tu”’ and, to a lesser extent, for the P-site tRNA in the 
70S crystal structure’. The observed change in the fMet-tRNA™* 
structure apparently depends on the presence of both codon—anti- 
codon interactions and of IF2, because the bend is not seen in the 
structures of sets 4 (when IF2 and mRNA are absent) and 5 (when IF2 
is absent; Fig. 1). 

The fMet-tRNA™* position is rather different from that of the 
classical P-site tRNA observed in 70S crystal structures'® or in the 
70S-IF2 complex analysed by cryo-EM’’. Whereas the anticodon 
loop is essentially in the 30S P-site, the anticodon stem is slightly 
rotated clockwise in the P-site pocket and the tRNA elbow is shifted 
towards the exit (E)-site. As a result, the f{Met-tRNA™* js tilted, the 
elbow and acceptor stem lie between P- and E-sites (Fig. 3a), and the 
CCA tail is lifted ~15 A away from the peptidyl-transferase centre 
position observed in 70S-tRNA complexes. Intermediate positions of 
tRNAs have been so far described during translocation when A/P and 
P/E states are transiently adopted in 70S ribosomes’*. The present 
discovery of tRNA intermediate states in the 30SIC suggests that 
accommodating the tRNA in transient states is an important feature 
of the small subunit and of its flexible nature. During translocation in 
the 70S ribosome, the three tRNAs remain positioned within a plane 
(Fig. 3a), whereas the fMet-tRNA™* seen in a 70SIC containing IF1 
and IF2 moves out of the ‘translocation plane’ into a position called 


composition: IF1 and fMet-tRNA™" are present in all sets, albeit the 
conformation of fMet-tRNA™" is different in the last two sets in which IF2 
is not present; the mRNA is not seen in sets 3 and 4 (see text for further 
details). b, Two pairs of representative class averages and the corresponding 
re-projections of the three-dimensional reconstruction for each structure 
subset. 


the peptidyl/initiation (P/I) state’’. In the present 30SIC, the fMet- 
tRNA™ adoptsa position (we refer to as the 30S P/I state) related to, 
but yet different from, that of the 70SIC-IF 1-IF2 complex: in fact, the 
fMet-tRNA™* remains in-plane with the classical tRNAs but its 
elbow is shifted towards helix h24 of the 16S ribosomal RNA. The 
position of the fMet-tRNA™* in the 30SIC is such that in the 70SIC it 
would face the 50S subunit between the P- and the E-sites. In con- 
trast, in the 70SIC it is accommodated in the P/P-site, indicating that 
a tRNA conformational change occurs on subunit association. 

In addition to alterations to the fMet-tRNA™*, the conformation 
of IF2 also changes during the initiation process (Fig. 3b). The com- 
parison of the present structure of the 30S—IF1-IF2-GTP complex 
with that of the 70S-IF2-GMPPCP and 70S—IF2-GDP complexes’’, 
which correspond to the states occurring before and after P; dissoci- 
ation, respectively, shows the existence of a conformation adopted by 
IF2 after subunit joining but before P; release, and of another con- 
formation adopted by the factor after P; release (Fig. 3b). The exist- 
ence of several discrete conformational changes of IF2 is consistent 
with results obtained by fast kinetics experiments, in which such 
changes are observed on GTP hydrolysis and P; release in real time 
by fluorophore-labelled IF2 and tRNA’. 

The observed conformational changes of both fMet-tRNA™* and 
IF2 provide insights into the subunit joining mechanism (Fig. 3c). 
The structural comparison of the 30SIC with 70S ribosome com- 
plexes”'®'*"* shows that IF2 domain I/II (G2/G3) would clash with 
the o-sarcin-ricin loop region of the 50S ribosomal subunit, and the 
fMet-tRNA™* would be close to loop H81/H83 (located between the 
P- and E-site tRNA binding pockets on the 50S subunit). It is there- 
fore probable that in the early phase of subunit joining, the exposed G 
domain is contacted by the GTPase-associated centre of the 50S 
subunit. This mechanism is consistent with the fact that GTP hydro- 
lysis occurs immediately on subunit joining, as shown previously by 
fast kinetic studies”’. Similarly, the particularly exposed position of 
the fMet-tRNA™* acceptor stem seems designed for interacting with 
the 50S subunit in the early phase of 70S assembly. 
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Here we show that IF2 and fMet-tRNA™* are stably bound to 
each other in the 30SIC. The structure of the 30SIC addresses the 
long-standing question of how and why IF2 promotes initiator 
tRNA binding in a functional conformation’: IF2 anchors the 
otherwise free fMet-tRNA™* acceptor end until joining of the 
50S subunit occurs. In fact, the correct positioning of IF2 and the 
fMet-tRNA™* in the 30SIC has a strategic role for the successful 
docking of this complex by the 50S subunit leading to the assembly 
of the productive 70SIC and for the recycling of IF2 off the ribo- 
some. IF2 holds the fMet-tRNA™* in a position ready for its inser- 
tion into the 50S subunit, and uses the tRNA as a linker for its own 
indirect binding to the ribosome, but it also increases the surface of 
30SIC (by about 25%) available for interfacing with the 50S subunit, 
which rationalizes why these two ribosomal ligands favour subunit 
association’’. The 30S P/I state described here would allow helix H69 
(23S RNA) to insert below the tRNA D-loop and form one of the key 
inter-subunit bridges (B2a) with the top of helix h44 (16S RNA). 
This is consistent with the role attributed to helix H69 in subunit 


fMet-tRNA 


CCA end 


11 (G3) 


| (G2) 


GTP 


Figure 2 | Fitting and map interpretation of the 30SIC. The map and the 
derived molecular model of the 30SIC disclosing the positions and 
interactions of IF1, IF2 and fMet-tRNA™* on the 30S subunit are shown. 
For map interpretation and domain assignments, the crystal structure of the 
30S/IF1 complex"’, of the tRNA" and the IF2 homology model’ derived 
from the aIF5B crystal structure’, have been fitted in the cryo-EM map of 
set 1. a, A stereo representation of the structure of the 30S-mRNA-fMet- 
tRNA™*_1F1-IF2-GTP complex and assignment of the components 
(global view from subunit interface). The density parts corresponding to 
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association”. Notably, the largest part of IF2 is complementary in 
shape to the 50S surface. In the 30SIC, the tRNA position is different 
from its final position in the 70SIC, suggesting that the tRNA trans- 
mits signals to IF2, and vice versa. In particular, after P; release from 
IF2 and dissociation of the IF2/CCA-end contacts, the fMet- 
tRNA™* acceptor stem will back-translocate into the P/P state 
ready for the formation of the first peptide bond, whereas IF2, 
having lost its main anchorage to the 70S ribosomes, would be ready 
to dissociate’*". 

The architecture of the 30SIC complex containing fMet-tRNA™", 
IF2 and IF1, offers several clues as to the function of these ribosomal 
ligands during the initiation of protein synthesis; IF2 and tRNA are 
shown to have cooperative roles for their mutual stabilization on the 
30S and for their function during subunit joining. The study also 
provides the localization and structure of 30S-bound IF2, represent- 
ing the structure of a ribosomal GTPase bound to the ribosome in its 
natural GTP state. Moreover, our study provides, to our knowledge, 
the first structural investigation of a functional tRNA complex of the 


fMet-tRNA™et 


AUG 


IV (C2) 


Ill (C1) 


fMet-tRNA™€*! IF] and IF2 are coloured in red, blue and green, respectively. 
b, View of the IF2-fMet-tRNA™* sub-complex (view rotated to the left 
compared to a). Domain assignment of IF2 and analysis of its interaction 
with the fMet-tRNA™* is shown. The tRNA decoding stem is bent towards 
the mRNA (the anti-codon is shown in green; the residual density next to it 
corresponds to the AUG start codon shown in dark green). Notably, the 3’ CCA 
end of the tRNA (insert, view from 50S side) is kinked towards IF2 domain IV 
(C2) compared to a classical tRNA (in yellow), as seen from differential 
protein/RNA density contouring levels (shown in pink and orange). 
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Figure 3 | Comparisons of the tRNA and IF2 positions in different 
translation initiation complexes, and model of ribosomal subunit joining. 
a, Comparison of the tRNA position in the 30SIC (30S-mRNA-fMet- 
tRNA™*_IF1-IF2-GTP complex, red) with those in the post-initiation 
complex 70S-mRNA-tRNA (Protein Data Bank accession 2HGP (ref. 10); A 
70S for the A-site, P 70S for the P-site and E 70S for the E-site tRNAs, 
coloured in light grey, dark grey and black, respectively). Because the fMet- 
tRNA™** is held by IF2, it adopts an intermediate position (P/I 30S state) 
with the CCA tail (in blue) lifted out of the position corresponding to the 
peptidyl transferase centre on the 50S subunit. However, because it is also 
tilted towards the E-site, the f{Met-tRNA™ elbow remains in the tRNA 
translocation plane (indicated by the dotted line). b, IF2 positions before and 
after joining of the ribosomal subunits’’ representing the states before (IF2 
GTP 308, green) and after (IF2 GDPCP 70S, yellow) GTP hydrolysis, and 


30S ribosomal subunit. IF2 and IF1 are shown to not interact with 
each other on the 30S, in contrast to a widely accepted hypothesis; 
rather, the stimulation of the IF2 function by IF1 might be mediated 
by IFl-induced conformational changes of the 30S subunit''”’. It 
should be noted that the structure of the 30SIC that is reported here 
does deliberately not contain IF3 to avoid a further increase of the 
conformational dynamics of the ribosomal subunit that this factor 
would have induced; productive 70SIC complexes can be formed also 
in the absence of this factor’*. Furthermore, the study shows that 
conformations, positions and domain arrangements of ligands are 
different in 30S and 70S initiation complexes, thus giving insights 
into the molecular mechanism of subunit joining, GTP hydrolysis 
and 70S formation, an important event in the regulation of cellular 
protein synthesis. 


METHODS SUMMARY 

The 30SIC complexes were formed by incubating 30S subunits from T. thermo- 
philus with GTP, mRNA, fMet-tRNA™*, T. thermophilus IF2 and IF1 (see 
Methods and ref. 5) and applied to cryo-EM holey carbon grids as previously 
described’. 30S subunits containing only mRNA were used as controls. Low-dose 
images were collected on film with the in-house 200 kV FEI Tecnai20 and pro- 
cessed as described®'***”*, There were 80,285 particle images used for the 30SIC, 
and 10,040 for the 30S-mRNA reference complex. As the 30SIC sample showed 
significant heterogeneity, a three-dimensional sampling and classification 
approach was applied to the 30SIC data set (B.P.K., submitted). The principle 
of the method is the generation of three-dimensional reconstructions from 
randomly selected particle images, and three-dimensional multivariate statistical 
analysis and three-dimensional classification into structural sets with low intra- 
class variance. The approach makes use of the principle in statistical analysis that 
resampling allows estimating the global (three-dimensional) variability from the 
variability of subensembles/subsamples”’; such resampling has been used in 
other cases (for example, ref. 28), in particular for localizing variable areas and 
sorting particles®, and here in direct combination with three-dimensional 
multivariate statistical analysis and three-dimensional classification of struc- 
tures. The number of sets is determined such that the sets show high inter-class 
variance together with low intra-class variance; the states thus represent struc- 
tures with the highest variability and are representative of the structural states in 
the sample; independent validation is provided by the correlation between input 


IF2 GDP 70S 
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after P; release (IF2 GDP 70S, red); the 30S model in the back is shown for 
general orientation. c, Model of the 50S subunit joining the 30S initiation 
complex, leading to the formation of the 70SIC. In the 30S-mRNA-fMet- 
tRNA™*_IF1-IF2 complex, the prominent position of the {Met-tRNA™* 
and of IF2 would provide first contact points with the 50S subunit. The 
exposed position of the IF2 G domain would contact the o-sarcin-ricin loop 
(S-R, blue; GTPase-activated centre) of the 23S rRNA, rationalizing that 
GTP hydrolysis occurs on subunit joining. IF2 and the 50S subunit have 
mostly complementary shapes, but some clashes can be expected with L14 
(magenta), H92 (cyan) and H71 (green). Helix H69 (red) could slide 
underneath the elbow of fMet-tRNA™* without clashing with IF2 or the 
fMet-tRNA™“, IF2 and fMet-tRNA™* clearly require conformational 
changes such as those shown in a and b to adopt their positions in 70S 
initiation complexes. 


images and three-dimensional re-projections. The resolutions of the final three- 
dimensional structures were estimated with the Fourier shell correlation (see 
Supplementary Fig. 1) according to the 0.14 (ref. 30) and one-half-bit*! criteria 
to ~9 A for the different sets of the 30SIC, and 20 A for the 30S-mRNA reference 
complex. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Formation of 30S initiation complexes. Cloning, expression and purification of 
IF1 and IF2 from T. thermophilus were performed as described** except that 
additional hydrophobic chromatography on a phenyl sepharose FF 
(Pharmacia) column was performed (more details can be found in ref. 5). The 
integrity of IF1 and IF2 has been confirmed by gel electrophoresis followed by 
MALDI peptides mass finger printing analysis. The fMet-tRNA™* was prepared 
according to ref. 33 using purified methionyl-tRNA synthetase and methionyl- 
tRNA™* formyl-transferase; 30S subunits from T. thermophilus were derived 
from 70S ‘tight couples’ ribosome, both purified according to ref. 34 by dialysis 
of the 70S in dissociation buffer (20 mM Tris-HCl, pH 7.5, 150 mM KCl, 1 mM 
MgAc; and 1 mM dithiothreitol) followed by ultracentrifugation on a 5%-20% 
sucrose gradient in the same buffer. The model 27-nucleotide mRNA (mk27) 
was from Dharmacon and purified as previously described**; the GTP was from 
Roche Diagnostics. The 30SIC complexes, as well as the 30S/mRNA reference 
complex, were formed in 10 mM HEPES, pH 7.5, 70 mM NH,Cl, 30mM KCI, 
8mM MgaAc, and 1 mM dithiothreitol by incubating 30S subunits from T. 
thermophilus (0.6 4M) with GTP (1mM), mRNA (0.9 M), fMet-tRNA™* 
(1.24M), T. thermophilus IF2 and IF1 (2.4uM). After 20min incubation at 
50°C the MgAc, concentration was increased to 20 mM at 20°C. Occupancy 
of fMet-tRNA™* was 83%, as measured ina parallel reaction by a nitrocellulose 
filter binding assay using f[35S]Met-tRNA™" (see ref. 5); the fraction missing 
tRNA could have formed aggregates (as free 30S particles do) and were thus not 
used during particle selection, explaining why none of the structure subsets miss 
tRNA; alternatively, some tRNA may have become de-acylated during the 50 °C 
incubation and may therefore not interact with IF2 (such as sets 4 and 5). 
Filter binding assays. To get more homogeneous particles for cryo-EM analysis, 
we optimized the formation of a stable and physiologically relevant 30SIC. For 
this purpose, the effect of temperature, ion concentration and the stoichiometry 
of initiation factors and mRNA’ on the 30SIC formation have been measured by 
nitrocellulose filter binding assays. Ribosomal occupancy of fMet-tRNA™* has 
been obtained using f[35S]Met-tRNA™*. Unless specified in ref. 5, the standard 
reaction mixture to form 30SIC was performed in a buffer containing 10 mM 
HEPES, pH 7.5, 30mM KCl, 70mM NH,Cl, 8mM MgAc, and 1 mM dithio- 
threitol. The concentration of f[35S]Met-tRNA™* was 0.9 uM and of 30S ribo- 
somal subunits was 0.6 uM. After 20 min incubation at 50 °C, the reaction was 
stopped by the addition of 1 ml of ice-cooled MWB buffer containing 10 mM 
Tris-HCl, pH 7.1, 7 mM MgAc>, 100 mM NH,Cland 2 mM B-mercaptoethanol, 
and filtered through nitrocellulose membrane (BA-85 filters; Schleicher & 
Schuell). The filters were washed twice with the same MWB buffer, dried and 
then the amount of f[35S]Met-tRNA/30SIC retained on the filters was deter- 
mined by scintillation counting. Taken together, the results allowed us to set up 


nature 


physical conditions, salts composition of the buffer and the stoichiometry of the 
individual ligands to be used to obtain the highest ribosome occupancy. 
Cryo-EM structure determination and interpretation. 30SIC at a final concen- 
tration of 0.5mg ml! was diluted fourfold with the buffer used for complex 
assembly and 3.5 pl of the sample was applied to cryo-EM holey carbon grids as 
described previously®. Low-dose images were taken on Kodak SO-163 films with 
the in-house FEI Tecnai20 field emission gun transmission electron microscope 
using a magnification of X 50,000 and a defocus range of —0.8 to —3.0 um. Data 
collection and processing were performed as described®'*”°”*. The complexes 
prepared with the 30S subunits showed a higher tendency to aggregate than those 
made with 70S ribosomes; this difficulty could be handled by careful particle 
picking and processing. Initial structures showed strong heterogeneity. By using 
a three-dimensional sampling and classification approach (B.P.K., submitted), 
the 30SIC data set containing 80,285 images was split into 5 final subsets contain- 
ing 32,000, 22,000, 8,000, 6,000 and 11,000 particles, respectively. The three- 
dimensional structures were calculated with IMAGIC-V* before particle sorting, 
and time-efficient three-dimensional reconstructions for three-dimensional 
multivariate statistical analysis and for the final structure refinement of the 
individual sets were done with the back projection algorithm BKPR” modified 
to comprise an exact weighting scheme applicable to all point group symmetries 
(Orlov et al., in preparation). The high-frequency components of the final three- 
dimensional maps were suppressed by low-pass filtering at 9 A. Manual fitting 
was performed in O using the 30S/IF1 crystal structure'', the P-site tRNA of the 
T. thermophilus 70S crystal structure’® and the T. thermophilus IF2 homology 
model derived from the eIF5B crystal structure’*'’. The 30S head and body parts 
were fitted as separate rigid bodies and the figures were prepared using Pymol 
(http://www.pymol.org). 
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Prolyl 4-hydroxylation regulates Argonaute 2 


stability 


Hank H. Qi? 
Junmin Peng* & Yang Shi’ 


Human Argonaute (Ago) proteins are essential components of the 
RNA- induced silencing complexes (RISCs). Argonaute 2 (Ago2) has 
a P-element-induced wimpy testis (PIWI) domain, which folds like 
RNase H and is responsible for target RNA cleavage in RNA inter- 
ference’. Proteins such as Dicer, TRBP, MOV10, RHA, RCK/p54 
and KIAA1093 associate with Ago proteins and participate in small 
RNA processing, RISC loading and localization of Ago proteins in 
the cytoplasmic messenger RNA processing bodies'”. However, 
mechanisms that regulate RNA interference remain obscure. Here 
we report physical interactions between Ago2 and the a-(P4H-a(I)) 
and f-(P4H-f) subunits of the type I collagen prolyl-4-hydroxylase 
(C-P4H(I)). Mass spectrometric analysis identified hydroxylation 
of the endogenous Ago2 at proline 700. In vitro, both Ago2 and Ago4 
seem to be more efficiently hydroxylated than Agol and Ago3 by 
recombinant human C-P4H(I). Importantly, human cells depleted 
of P4H-a(I) or P4H-B by short hairpin RNA and P4H-a(I) null 
mouse embryonic fibroblast cells showed reduced stability of 
Ago2 and impaired short interfering RNA programmed RISC activ- 
ity. Furthermore, mutation of proline 700 to alanine also resulted in 
destabilization of Ago2, thus linking Ago2 P700 and hydroxylation 
at this residue to its stability regulation. These findings identify 
hydroxylation as a post-translational modification important for 
Ago2 stability and effective RNA interference. 

To identify the protein network involved in regulating the RNA 
interference (RNAi) machinery, we established stable HeLa S3 cell 
lines expressing Flag-HA(haemagglutinin)-tagged human Agol—4, 
respectively. Cytoplasmic extracts were immunoprecipitated with 
sequential anti-Flag and anti-HA antibody resins. Silver staining of 
a representative purification (Ago2) is shown in Fig. la. Mass spec- 
trometric analysis of the purifications identified the known Ago- 
interacting proteins', among which Dicer, KIAA1093 and eEF1A1 
are present in all four Ago purifications, whereas TRBP and 
MOV10are abundantly present in Ago3 and 4 purifications. In addi- 
tion, unique peptides of P4H-«(I) and P4H-B, the «- and B-subunits 
of C-P4H(I) (EC 1.14.11.2), were found in sub-stoichiometric quant- 
ities in Ago2 purification (Fig. la). To confirm the P4H-a(1) inter- 
action with Ago proteins, we performed co-immunoprecipitation 
experiments using cell lysates from 293ET cells co-transfected with 
Flag-tagged Ago 1-4 and HA-tagged P4H-a(1), and found interac- 
tions of P4H-a(I) with Ago2 and Ago4 (Fig. 1b). Co-immunopreci- 
pitation using a polyclonal anti-P4H-B antibody co-precipitated 
endogenous Ago2 from 293ET cells (Fig. 1c), supporting the in vivo 
interaction between C-P4H(I) subunits with Ago2. That a small per- 
centage of Ago2 protein was found to associate with P4H-B may 
reflect the dynamic nature of this enzyme-substrate interaction. 


_ Pat P. Ongusaha’, Johanna Myllyharju’, Dongmei Cheng*, Outi Pakkanen”, Yujiang Shi”, 


Sam W. Lee”, 


C-P4H catalyses proline hydroxylation of collagens in the X-Pro-Gly 
(X-P-G) triplets. Three isoforms (I, II, HI) of the «-subunit have been 
identified’ and they all interact with the B-subunit to form active 
C-P4H «28, tetramers. However, these isoforms show differential tis- 
sue expression pattern and abundance. In addition to collagens, other 
proteins containing collagen-like sequences, such as pulmonary sur- 
factant, apoproteins, complement protein Clq and the 18S form of 
acetylcholinesterase, are also hydroxylated by C-P4H (ref. 3). C-P4H 
also mediates hydroxylation of the X-Pro-Ala (X-P-A) motif found in 
the complement protein Clq and type IV collagen*. We identified both 
X-P-G and X-P-A triplets within the Ago proteins (Supplementary 
Fig. 1). Three X-P-G triplets (119-121, 522-524, 699-701) were found 


a Anti-Flag Anti-HA 


S$ dt 
eC <y wr’ <y 


5% ane IP: anti-HA 
MK) 


+ +4  Flag-Agos 
— + _P4H-o((I)-HA 


= Ago1 
Eka 
160 A kaaro 
120 =Ago2 
100 «<— Flag-HA-Ago2 
- <— HSP90 
80 
70 I+ Non- — = Ago3 
60 ee tie a 
<_ ia =Ago4 
eEFIA1 
40 
IB: ant Flag ( ieee 
30 anti-HA (lower) 
i : —e 
Ss Row 
Rw OF 2 
1 2 3 4 we & & 
*P4H-ai(l): iN ye 
48 AEEDKLEQIK 57 : i 
137 LQDTYNLDTDTISK 150 [—[| —]= BHTEAgO? 
193 QLDEGEISTIDK 204 : ; 
277 GVAVDYLPER 286 ae anti-P4H-B 
*P4H-B: 82 VDATEESDLAQQYGVR 97 1 2 3 


Figure 1| Human Ago2 associates with C-P4H(I) subunits. a, Tandem 
affinity purification was conducted on cytoplasmic extracts from Mock (lanes 
1 and 3) and Flag—HA-tagged Ago2 stable HeLa S3 cells (lanes 2 and 4) with 
sequential anti-Flag and HA immunoprecipitation. The peptides for P4H- 
a(I) and P4H-f are shown below. b, Flag—Ago1—4 were co-transfected with 
empty vector (lanes 1 and 3) or P4H-«(I)-HA (lanes 2 and 4) in 293ET cells. 
The immunoprecipitates with anti-HA antibody were blotted with anti-Flag 
and HA antibodies, respectively. IP, immunoprecipitate; IB, immunoblot. 
c, 293ET cells were immunoprecipitated with anti-GFP or P4H-f antibodies 
and followed with western blotting with anti-P4H-B and Ago2 antibodies. 
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in Ago2. They were conserved among other human Ago proteins 
(Supplementary Fig. 1) and Ago proteins from Mus musculus, 
Drosophila melanogaster (Agol) and Caenorhabditis elegans (Alg1), 
but not Arabidopsis thaliana and Schizosaccharomyces pombe. Ago4 
contains two additional X-P-G motifs at its amino terminus, of which 
the R-P-G (18-21) motifis conserved in Ago] and 3. In addition, Ago2 
has seven X-P-A triplets; five of them are conserved in human Agol, 3, 
4 and Ago proteins from M. musculus and D. melanogaster. 

To determine the hydroxylation site(s) in Ago2, endogenous Ago2 
was immunoprecipitated from 293ET cells and analysed by tandem mass 
spectrometry (MS/MS). The analysis identified one hydroxylation site at 
Pro 700 (DYQP*GITFIVVQK) in Ago2. The hydroxylated peptides 
(Fig. 2a, upper panel) represented approximately 20% (7,900/39,900) 
of total Ago2 peptides detected (DYQPGITFIVVQK). However, this is 
probably an underestimation because the MS/MS pattern of this hydro- 
xylated peptide is very similar to that of its unmodified peptide (Fig. 2a, 
lower panel), as would have been expected for this type of modification. 
In contrast, we did not detect peptides containing modified proline at 
other X-P-G sites such as Pro 120 or 523, suggesting that Ago2 hydro- 
xylation at Pro 700 is likely to be specific. This analysis, however, does not 
exclude cell type and tissue- and/or developmental-stage-specific hydro- 
xylation at other proline residues of the Ago proteins. 

Human Ago? was originally reported as GERp95 (Golgi endoplasmic 
reticulum protein 95 kDa)°. Biochemical analysis suggests that Ago2 is a 
cytoplasmically exposed, peripheral membrane protein that exists in a 
protease-resistant complex’. Although Ago2 does not have either signal 
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Figure 2 | In vivo and in vitro hydroxylation of Ago2. a, Endogenous Ago? is 
hydroxylated at proline 700. Endogenous Ago2 was immunoprecipitated 
with a polyclonal anti-Ago2 antibody and analysed by LC-MS/MS. The MS/ 
MS scanned hydroxylated peptides with ion m/z 762.3 (upper panel) and ion 
m/z 754.9 (lower panel). b, In vitro hydroxylation of Ago proteins. 
pcDNA3-Flag-HA-Agol—4 were in vitro translated in the presence of 
L-[2,3,4,5-°H] proline. The in vitro translated lysates were incubated with 
purified recombinant C-P4H(I) enzyme and the reaction cofactors. The 
amount of 4-hydroxy[*H]proline formed in control, P4H-f and Ago 1-4 was 
determined as described in Methods. Data are presented as the 

mean ~ standard deviation for three independent experiments. 
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peptides or transmembrane domains, the expression of the exogenously 
introduced Ago2 overlaps with that of the ER marker BiP in NRK and 
COS cells’. Endogenous Ago2 is largely cytoplasmically localized, but is 
also enriched where P4H-B signal is found in a percentage of U2OS cells. 
Partial overlap with P4H-B was also observed in HeLa and 293ET cells 
(Supplementary Fig. 2). Importantly, the in vitro hydroxylation assay 
demonstrated that only C-P4H(I) but not the cytoplasmically localized 
prolyl-4-hydroxylases (PHD 1-3) was able to mediate Ago protein 
hydroxylation in vitro (Fig. 2b and data not shown). All four Ago proteins 
are hydroxylated in vitro by recombinant human C-P4H(I); however, 
Ago2 and Ago4 seem to be hydroxylated to a greater extent (Fig. 2b), 
consistent with the co-immunoprecipitation data that P4H-«(I) assoc- 
iated with Ago2 and 4 more readily than with Agol and Ago3 (Fig. 1b). 

Hydroxylation of collagen and collagen-like proteins is essential for 
their functional triple-helical folding’. Inhibition of the C-P4H(I) 
enzyme generates unstable collagens, resulting in reduced collagen pro- 
duction’. In contrast, overexpression of P4H-o(I) is associated with 
excess collagen production’. To determine whether hydroxylation of 
proline at position 700 regulates Ago stability, we mutated the proline 
residue to alanine (P700A). As shown in Fig. 3a, Ago2 with the P700A 
mutation was less stable (t,;2 approximately 6h) than the wild-type 
protein whose half-life was estimated to be greater than 10h (Fig. 3a). 
In contrast, P700A mutation had no effect on the stability of Agol and 
Ago3, suggesting that proline 700 is important for Ago 2 stability. 

To determine whether the reduced stability of the Ago2 (P700A) 
mutant was due to loss of hydroxylation, we first compared the 
steady-state levels of the endogenous Ago2 in the wild type versus cells 
in which the expression of the hydroxylase, C-P4H(I), was inhibited by 
RNAi. We found knockdown of P4H-a(I) or -B reduced the steady- 
state level of the endogenous Ago2 protein in U2OS (Fig. 3b, lanes 4-7) 
and HeLa cells (data not shown) without affecting its mRNA level 
(Fig. 3b), suggesting that C-P4H(I) may regulate Ago2 protein stability. 
Upon MG132 treatment, the reduced endogenous Ago2 protein caused 
by P4H-a«(I) RNAi was restored to the level comparable to that of the 
control RNAi sample (Fig. 3c), suggesting that reduced Ago? is likely to 
be due to degradation by the proteasome-mediated pathway. 

We examined the protein turnover rate of the endogenous Ago2 with 
or without an intact C-P4H(I). In the control RNAi U2OS cells, we 
found endogenous Ago2 to be quite stable with very little turnover, even 
at 10 h post-cycloheximide (50 1g ml ') treatment (Fig. 3d). In the cells 
where C-P4H(I) expression was inhibited by short hairpin RNA 
(shRNA), Ago2 became slightly destabilized at 4 h, and the steady-state 
level was further decreased at later time points (Fig. 3d). These results 
show that a reduction of the steady-state level of Ago2 is correlated with 
reduction of the hydroxylase C-P4H(I). Taken together, these findings 
suggest that hydroxylation of Ago2 at P700 regulates its stability. 

The observation that Ago2 hydroxylation regulates its stability pre- 
dicts that the hydroxylase C-P4H(1) is likely to play a role in RNAi. To 
address this issue, we assayed the requirements of C-P4H(I) for short 
interfering (si)RNA- or miRNA-programmed RISC (si or miRISC) 
activity. We first constructed and validated GFP (green fluorescent 
protein) reporters containing perfect (PE) or bulged (BU) comple- 
mentary sequences for miRNA let-7 or miR21 (Supplementary Fig. 
3). We next established U2OS stable cell lines expressing long GFP 
(GFPL) and GFP-let-7 (PE), GFPL and GFP—miR21 (8 X BU), 
respectively. The siRISC or miRISC activities were measured by deter- 
mining the ratio between the reporter GFP—let-7 (PE) or GFP—miR21 
(8 X BU) and the GFPL control. As shown in Fig. 4a, inhibition of 
Ago2, not Agol, reduced the siRISC activity to 20% of that with the 
control RNAi. Knockdown of P4H-«(I) and -B reduced let-7 siRISC 
activity to approximately 40% (Fig. 4a). Reverse transcription—PCR 
(RT-PCR) of GFPL and GFP-let-7 (PE) showed derepression of the 
GFP-let-7 (PE) reporter at the RNA level (Fig. 4a). Consistently, P4H- 
a(I) null mouse embryonic fibroblast (MEF) cells* also showed 
reduced Ago2 protein level and /et-7-guided siRISC activity compared 
with wild-type MEF cells (Fig. 4c). In contrast, miRISC activity was not 
altered upon C-P4H(I) knockdown as measured by the GFP—miR21 
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Figure 3 | Impaired hydroxylation downregulates Ago2 stability. a, U2OS 
cells transfected with HA—Agol, 2, 3 (wild type, WT) and their mutants 
(P700A) were treated with 50 ug ml" of cycloheximide (CHX) for the 
indicated times. Agos, p53 and actin were detected by western blot. The 
results shown are representative for three independent experiments. b, U2OS 
cells were transfected with indicated shRNAs followed by puromycin 
selection. Western blot with indicated antibodies and RT-PCR were 


(8 X BU) reporter (Fig. 4b), although whether this observation is gen- 
erally applicable to other miRNA-mediated translational inhibition 
remains to be determined. Hydroxylation appears to be dispensable 
for the catalytic activity of Ago2 as the Ago2 hydroxylation mutants 
were capable of restoring siRISC activity upon overexpression in cells 
in which the endogenous Ago2 expression was inhibited by an shRNA 
targeting the 3’ untranslated region of Ago2 (Fig. 4d). Furthermore, 
bacterially produced Ago2 binds single-stranded siRNAs and is able to 
cleave siRNA targets, suggesting that hydroxylation is not required for 
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performed. c, P4H-«(I)-depleted and control U20S cells were treated with 
25 uM of MG132 for the indicated times. Endogenous Ago2, p21 and actin 
were detected by western blot. d, U2OS cells were transfected with P4H-« or 
-B shRNA followed with puromycin selection. Cells were then treated as in 
a. Ago2, p53 and actin were monitored by western blot. The results are 
representative of three independent experiments. 


Ago2 siRNA binding and slicing activity because bacteria do not have 
C-P4H (ref. 9). Taken together, C-P4H(I) appears to play an important 
role in RNAi by regulating Ago2 stability. 

It has been reported that Ago2 is localized in cytoplasmic mRNA 
processing bodies (P-bodies)' and is recruited to stress granules in 
response to oxidative stress or specific translational inhibitors’. 
Although the P-body does not appear to be required for RNAi", it 
is important for RNA-related functions in controlling mRNA trans- 
lation and degradation”. Thus, Ago2 P-body localization may play a 


Figure 4 | Impaired C-P4H(I) 
reduced let-7 guided siRISC 
activity. a, b, U2OS stable cell line 
expressing GFPL/GFP-let-7 (PE) 
(a) or GEPL/GFP—miR21 (8 x BU) 
(b) were transfected with indicated 
shRNAs and selected by puromycin. 
The expression ratios between GFPL 
and GPF reporter were calculated 
and the intact (100%) si/miRISC 
activity was considered in control 
shRNA cells. The relative si/miRISC 
activities under knockdown 


GFPL 
GFP-miR21(8xBU) 


PaH-B-2 [a 


Ago? [EH 

Ago1 [a4 
P4H-o(!)-1 [TH 
P4H-o((|)-2 (TH 


P4H-oi()-1 
P4H-a(!)-2 


activity (%) 
by BR ®@ oOo 
oo5o 8 8 
Control 


GFPL 


GFP-let-7(PE) 
c 


MEF cells 
+/+ 


-/— P4H-ai(l) 


Ago2 


| GFPL 

| GFP-/et-7(PE) 

Relative /et-7 
siRISC 

activity (%) 1 2 3 4 5 


Ago2 3’ UTR shRNA_ shRNA 
HA-Ago2 


100 58 83 90 80 80 Relative /et-7 
6 


conditions of the indicated genes 
were obtained by comparison with 
the control shRNA transfection. The 
standard deviations were obtained 
from three independent 
experiments. c, Control and P4H- 
o(I) null MEF cells were transfected 
with GFPL and GFP-let-7 (PE) 
plasmids. Ago2, actin and GFP 
expressions were detected by 
western blot. d, Ago2(P700A) is 
catalytically active. GFPL/GFP-let-7 
(PE) stable cell line was co- 
transfected with control shRNA 
(lane 1) or shRNA targeting the 3’ 
untranslated region of Ago2 (lanes 
2-6) together with empty vector 
(lanes 1 and 2) or HA—Ago2 
constructs as indicated. GFP, Ago2 
proteins were detected. let-7 guided 
siRISC activity was calculated as ina. 


shRNA 


P4H-p-1 [a 


P4H-B-2 


HA-vectors 


HA-Ago2 
Endogenous Ago2 


GFP-let-7(PE) 


siRISC 
activity (%) 


423 


©2008 Macmillan Publishers Limited. All rights reserved 


LETTERS 


yet-to-be-identified function in RNA-mediated gene regulation. 
Therefore, we investigated whether hydroxylation has any impact 
on Ago2 P-body and stress-granule localization. We found that deple- 
tion of the C-P4H(I) subunits by RNAi or genetic ablation of P4H- 
(1) in MEF cells reduced Ago2 P-body localization marked by Dcp1a, 
which resides in P-bodies'*“* (Supplementary Fig. 4a). The reduced 
P-body localization of Ago2 might be a reflection of the reduced 
steady-state level of Ago2 protein when the expression of the hydro- 
xylase is impaired. We also found that P700A mutation caused the 
mutant proteins to localize away from Dcpla, compared with wild 
type and the other proline mutants of Ago2 (P120A and P523A) 
(Supplementary Fig. 4b). P700A also delocalized Agol from 
P-bodies. In contrast, P700A did not cause delocalization of 
Ago3 from P-bodies, but reduced Ago4 P-body localization 
(Supplementary Fig. 4b), suggesting that proline 700 may impact dif- 
ferent Ago proteins differently. Affinity purification and co-immuno- 
precipitation from wild-type and mutant (P700A) Ago2 showed 
unchanged Dicer but reduced Dcpla and KIAA1093 association with 
Ago2 (P700A) (Supplementary Fig. 4c, d). This finding suggests that 
Agol and 2 may be regulated similarly in their P-body localization. To 
ask whether hydroxylation has any effects on Ago2 stress-granule re- 
localization, we treated U2OS cells containing either intact or 
impaired C-P4H(I) with arsenite (Supplementary Fig. 5), translation 
inhibitor (hippuristanol) or heat shock (data not shown) and found 
no dramatic changes in Ago2 stress-granule re-localization. 
Hydroxylation is an important post-translational modification, 
and plays important biological roles. C-P4H-mediated hydroxylation 
of collagen proteins is essential for their functional folding and 
stability’. Proline hydroxylation of the hypoxia-inducible factor 
(HIF) «-subunit by a separate P4H family causes recruitment of the 
von Hippel Lindau (VHL) ubiquitin ligase complex for HIF-« degra- 
dation’®. We have shown that hydroxylation regulates Ago2 stability, 
suggesting a novel role for C-P4H. It will be important to investigate 
whether this modification is conserved in other species. For example, 
proline 700 is conserved in C. elegans Alg1, Alg2and T23D8.7 proteins, 
which function in miRNA biosynthesis’. Additionally, the P4H-« 
subunit is rate-limiting in the formation of active C-P4H. Several 
pathways or stimuli regulate P4H-«(I) at transcriptional and post- 
transcriptional levels. For example, transforming growth factor 
(TGF)-f1 stimulates transcription of the P4H-a(I) gene'’. Hypoxia 
upregulates the mRNA levels of P4H-o(I) and (II)'*. At post-tran- 
scriptional level, the RNA-binding protein nucleolin has been demon- 
strated to bind to the 5’ and 3’ untranslated regions of P4H-«(1) 
mRNA and enhance P4H-«(1) translation efficiency under hypoxia’. 
Further efforts to delineate if the P4H-« regulators might also regulate 
RNAi machinery through regulation of hydroxylation of Ago proteins 
will provide additional insights into RNAi regulatory mechanisms. 


METHODS SUMMARY 

Tandem affinity purification, in vivo hydroxylation and mass spectrometry. 
The tandem affinity purification was performed as described previously’. Briefly, 
HeLa S3 stable cell lines expressing Flag—-HA-tagged Ago proteins were cultured in 
32 litres. Cytoplasmic extracts were immunoprecipitated with an anti-Flag M2 
antibody (Sigma) followed by anti-HA antibody resins (Santa Cruz) with buffer A 
(20 mM Tris, pH 8.0, 100 mM KCl, 5mM MgCl, 0.2 mM EDTA, 10% glycerol, 
0.1% Tween-20, 10 mM 2-mercaptoethanol and 0.25 mM phenylmethylsulpho- 
nyl fluoride (PSMF)). HA immunoprecipitation elution 1 (50 pl) was analysed by 
mass spectrometry using an LTQ-FT hybrid mass spectrometer (Thermo 
Finnigan). To identify the hydroxylation site(s) of endogenous Ago2, immuno- 
precipitation was performed using an anti-Ago2 polyclonal antibody (Upstate) 
from 293ET cells (see immunoprecipitation condition and buffer in Methods). 
The Ago2-containing band was cut from SDS—polyacrylamide gel electrophoresis 
gel, fully trypsinized and analysed by reverse-phase liquid chromatography—tan- 
dem mass spectrometry (LC-MS/MS) as previously reported*’. An MS/MS scan 
of the precursor ion m/z 762.3, in which it was fragmented into multiple labelled 
product ions (b and y ions), identified a peptide according to the mass shift 
(+16 Da) caused by hydroxylation. An MS/MS scan of the precursor ion m/z 
754.9 indicated the peptide without modification. 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Plasmid constructions, antibodies and chemicals. Human Ago4 (KIAA1567), 
KIAA1093, KIAA1582 and GW182 (KIAA1460) cDNAs were obtained from the 
Kazusa DNA Research Institute (Japan), the others were amplified by RT-PCR. 
For tandem affinity purification, pOZ-FH-N-Agol—4 were constructed by 
inserting the open reading frames into the Xhol/Nofl S sites of pOZ-Flag-HA- 
N vector. For pEGFPC1-Agos, Sall/BamHI and Sall/Smal were chosen for Ago1, 
2, 3 and 4 respectively. To generate amino-terminal Flag-tagged Agos, Agol, 2, 3 
and 4 were cloned into HindIII/Nofl and Notl/Sall sites of 3 X Flag-CMV-7.1. To 
express Flag-HA-tagged Agos in pcDNA3 vector, the coding regions and Flag— 
HA (FH) tags were PCR-amplified from pOZ-FH-N-Agos and cloned into 
EcoRI/Notl (Agol, 2 and 3) and Kpnl/Notl (Ago4) sites of pcDNA3 vector. 
For HA-tagged vectors, KIAA1093 was cloned into BamHI/Xbal sites of 
pcDNA-C-HA. Point mutations were introduced following standard mutagen- 
esis procedures. Polyclonal anti-P4H-«(I) was generated (Innovagen) against 
purified recombinant P4H-«(I) peptide-substrate-binding domain”. Polyclonal 
anti-P4H- antibody, polyclonal anti-TIA-1, monoclonal anti-CDC25a, mono- 
clonal anti-GFP(B2) and monoclonal anti-p53 antibodies were purchased from 
Santa Cruz. Rabbit polyclonal anti-Ago2 antibody was obtained from Upstate, 
and polyclonal anti-Dcpla antibody was a gift from J. Lykke-Andersen. 
Monoclonal antibodies for Ago2 (Novus Biochemicals and Wako Chemicals), 
Dicer (Abcam), p21 (Calbiochem), HA (Covance) and Flag M2 (Sigma) were 
also used. Cycloheximide (Sigma), Z-Leu-Leu-Leu-al (MG132) (Sigma), 
arsenite (Riedel de Haen) and hippuristanol (a gift from the P. Sharp laboratory) 
were obtained. 

In vitro hydroxylation. pcDNA3—Flag-HA—Ago1—4 were translated in vitro in 
the presence of radioactively labelled proline, L-[2,3,4,5-°H] proline 
(85 mCi mmol _') in rabbit reticulocyte lysate using TNT® Quick-coupled tran- 
scription/translation system (Promega). The empty vector and pcDNA—P4H-B 
were used as negative controls. The in vitro translated lysates were aliquoted into 
two portions for C-P4H(I) hydroxylation reaction in which 0.33 pmol of recom- 
binant C-P4H(I) purified from insect cells”? or purified HIF PHD (1-3)”* was 
added. The enzyme was omitted from the parallel tubes that served as negative 
controls. The reactions were dialysed extensively to remove any remaining free 
radioactive proline. The amount of 4-hydroxy[*H]proline formed in the sub- 
strate was determined by a specific radiochemical procedure as previously 
described”. 

Endogenous miRNA-guided si/miRISC activity assay, shaRNAs and RT-PCR. 
To generate the reporter system for miRNA-guided siRISC and miRISC activity 
reading, pcDNA3-GFP was first cloned by inserting the GFP coding region into 
BamHI/Notl sites of pcDNA3. Subsequently, one copy of perfect complementary 
sequence of miRNA let-7 (5'-AACTATACAACCTACTACCTCA-3’) or eight 
copies of bulged complementary sequence of miR21 (5'-TCAACATCAGA 
GAGATAAGCTA-3’) were cloned into the No#l/Xhol sites of pcDNA3—GFP 
to form pcDNA3-GFP-let-7 (PE) and pcDNA3-GFP-—miR-21 (8 X BU). 
pcDNA3-GFPL was obtained by removing the stop codon from pcDNA3-— 
GFP and produces a mutant long GFP (GFPL) (267 amino acids compared with 
its original form of 239 amino acids) serving as a control. pcDNA3-GFPL was 
co-transfected with pcDNA3-GFP-let-7 (PE) or pcDNA3-GFP-miR-21 
(8 X BU) into U2OS cells followed by 2 mg ml! G418 selection for two weeks. 
The resistant colonies were propagated into a stable cell line. shaRNAs used in this 
study were all cloned into Xhol/BamHI sites of pBabe-U6 vector, which also 


nature 


expresses a puromycin-resistant gene*’. The sequences of shRNAs (passenger 
strand, 5’ to 3’) were as follows: Agol (GATGAAGAATGCCAGCTACAA), 
Ago2 (ORF) (GGCACAGCCAGTAATCGAGTT), Ago2 (3’ untranslated 
region) (GCTACACTCAGACCAACAGAT), P4H-a(I)-1 (GIATTATTCGCT 
TCCATGATA), P4H-a(I)-2 (GGCTAACTAGTACAGCGACAA), P4H-B-1 
(GCCGACAGGACGGTCATTGAT), P4H-B-2 (GATGAACTGTAATACGCA 
AAG) and control (GAACGTCATCAAGCTGATCTA). For si/miRISC activity 
assay, 2 [lg of corresponding shRNAs were transfected into 5 X 10° cells of the 
GFP-reporter stable cell lines in six-well plates, the cells were transferred to 10- 
cm plate after 24h and selected with 2 ug ml’ of puromycin for 36 h. For RT- 
PCR, total RNAs were extracted using Trizol reagents (Invitrogen) from either 
GFP reporter cell lines, or U2OS cells transfected with corresponding shRNAs. 
Primers used for RT-PCR as follows: common forward primer for GFPL and 
GFP-let-7 (PE): GAACGGCATCAAGGTGAACTT, specific reverse primers for 
GFPL: TAGCGTAATCTGGAACATCGTATGGGT, and GFP-let-7 (PE): 
GACGACCTCGAGTGAGGTAGTAGGTTGTATA, GAPDH: forward GAAGG 
TGAAGGTCGGAGTC and reverse GAAGATGGTGATGGGATTTC, Ago2: for- 
ward GATCGGCAAGAAGAGATTA and _ reverse CGTCTTGCCGGCCAGG 
ATGAC. 

Immunoprecipitation and immunofluorescence. Three X Flag-Ago constructs 
and HA—P4H-«(I) as well as 3 X Flag-wtAgo2, Ago2(P700A) and KIAA1093- 
HA were co-transfected into 293ET cells. Cells were lysed 48 h after transfection 
in lysis buffer containing 300 mM NaCl, 50mM TrisHCl, 5mM EDTA, 0.1% 
NP-40, 0.5 mM NaF, 0.5 mM Na3VO,and 1 X proteinase inhibitor (Roche). The 
lysates were incubated with anti-HA resins (Santa Cruz) for 3 h and washed five 
times with washing buffer (lysis buffer with 150 mM NaCl). The immunopreci- 
pitated products were separated by SDS—polyacrylamide gel electrophoresis and 
blotted with anti-HA and anti-Flag antibodies, respectively. To assay P-body 
localization of Ago2, U2OS cells were first transfected with shP4H-«(I)-2 and -B- 
2 followed by puromycin selection for 36h. The selected cells were seeded on 
coverslips for immunofluorescence. Subsequently, the cells were fixed with 3.7% 
paraformaldehyde in PBS for 30min followed by permeabilization by 0.2% 
Triton X-100. The samples were then incubated with either anti-HA or Ago2 
monoclonal antibodies at 1:500 dilutions simultaneously with anti-Dcp1a poly- 
clonal antibody at 1:1,000 dilutions. Secondary antibodies against mouse 
immunoglobulin G conjugated with Alexa Fluor 488, rabbit IgG with Alexa 
594 and Hoechst 33258 (Molecular Probes) were applied correspondingly after 
three washes with 0.1% Tween-20 in PBS. 
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hy do postdocs in many countries have such a hard time working 
to improve their lot? The answer lies, in part, with the nature of 
the postdoctoral experience. Unlike graduate students, who are 
increasingly forming unions (see Nature 451, 861; 2008), the 


two-year duration of most postdoc positions is often not enough time to seriously 


engage with issues such as salary, stipends and working conditions. It's hard for 


postdocs to invest time in a venture that will gain them few benefits, and will 
distract from their main objectives: conducting and publishing research and landing 


ajob in what continues to be a very competitive landscape. Two years is also little 
time to drill through the dense red tape of universities and governments. 
Yet, as detailed in an article on page 426, some postdoctoral associations 
are showing signs of progress, however modest. Perhaps the greatest success 
story has been the US National Postdoctoral Association (NPA). Started five 
years ago, the NPA has shown what can be done given ample outreach and good 
seed funding from prominent backers such as the Alfred P. Sloan Foundation in 
New York. At the NPA’s annual meeting held in April in Boston, Massachusetts, 
the Sloan Foundation's Michael Teitelbaum recalled how he was initially not 
sure whether the association would make it, given the challenges of attracting a 
dedicated membership to an untested model. He has been pleasantly surprised, he 
says, at how much it has grown and the degree to which it is now self-sustaining. 
Walter Schaffer, a senior scientific adviser for extramural research at the National 
Institutes of Health (NIH), says that the NPA hasn't yet generated major changes in 
policy, but it has garnered a voice that makes postdocs feel less disenfranchised. 
The NPA might have the ear of important institutions such as the NIH, but like 


many unions, it still faces frustrating bureaucratic roadblocks. Nevertheless, 

the NPA, and hence the US postdoc, has a voice that should remain strong and 
consistent for the foreseeable future. It is to be hoped that other nations, and other 
nations’ postdocs, can follow its example. 
Gene Russo is editor of Naturejobs. 
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Strength in bonding 


great strength lies,” wrote Thomas Paine 

in his pamphlet Common Sense. His 

words, published in 1776, galvanized the 
American colonies in the fight for independence from 
Britain. That same sentiment applies to the growth of 
postdoc organizations in recent years. But despite the 
rise in numbers of postdoc associations (PDAs) and 
membership, they are still struggling to effect major 
policy change. Many PDAs — whose members seek 
better pay, benefits and career training — are making 
some headway locally (see ‘Showing initiative’), but 
change on a regional level is a far bigger challenge. 

The birth of the National Postdoctoral Association 

(NPA) in the United States helped increase the 
number of PDAs at universities by 60-70%. In Europe, 
Eurodoc, which addresses both graduate student and 
postdoc issues, has grown to include 44 countries as 
either members, observers or networkers. Meanwhile, 


| | t is not in numbers, but in unity, that our 


universities and research institutions across the United 


States, Canada, Europe and Japan are working to add 
associations every year. 
Still, the useful change resulting from these efforts 
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Postdocs are 
attempting to 
organize and 
improve their lot 
worldwide — but 
results have been 
mixed. Paul 
Smaglik reports. 


is minimal. The recent history of the NPA illustrates 
what such associations can accomplish — and how their 
power is limited. The most gratifying part of running 
the NPA for five years, former executive director 

Alyson Reed says, was bringing together and inspiring 
fellows who, before they had their own association, felt 
voiceless. “We created a community where before there 
was a lot of isolation and lack of connections,’ Reed says. 

Reed says that the NPA has helped universities 
establish their own postdoc offices (PDOs), which 
connect to regional associations. The PDA-PDO links 
help address local issues, such as the need for better 
connections to business and career opportunities in 
local industry, and campus issues, such as access to 
childcare. 

But Reed laments the NPAs failure to help increase 
stipend levels for US postdocs. The NPA wrote a policy 
paper, testified in Congress and had representatives 
meet with Elias Zerhouni, director of the US National 
Institutes of Health (NIH) — all to no avail. The 
NIH is one of the biggest funders of postdocs in the 
United States and helps set the standard for stipends 
in government-sponsored research. “People made 
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promises — people in leadership positions and 
government agencies. They are just falling far short of 
those pledges,” Reed says. “Postdocs have been very 
patient and very collegial and trying to do things the 
polite way. But there comes a time when you have to say 
‘words are nice, but they don't pay the bills:” 

Between 2000 and 2004, the agency raised entry- 
level postdoc stipends from $26,900 to $36,900. 
There's been no significant increase since then, but the 
NIH has improved postdoc healthcare and childcare 
benefits, notes Norka Ruiz Bravo, NIH deputy director 
for extramural research. 


American model 

The NPAs influence has already spread beyond the 
United States to Europe. Postdocs see it as a model, 
and some even use the ‘tool kit’ the association 
provides to help fellows start up their own PDAs. 
John Bothwell, a postdoc at the Marine Biological 
Association in Plymouth, England, has contacted and 
visited members of the NPA governing board hoping 
to form a UK postdoc association. Results have been 
mixed. So far, Bothwell has about 30 universities on 
board — a fraction of the United Kingdom's total. 
Funds are a problem, although the UK government has 
shown some willingness to help. Included among the 
2002 Roberts Review — a series of recommendations 
to foster science, engineering and innovation 
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SHOWING INITIATIVE 


Although postdoc organizations 
worldwide have struggled to change 
national policy, they have been more 
successful highlighting issues specific to 
their individual constituencies. Postdoc 
organizations may have a hard time 
improving, for example, short-term 
contracts, benefits and stipends. But 
they have seen some success bringing 
in career-training programmes. Here is a 
sample of their ongoing initiatives. 


Second that mentor 

This autumn, the European Molecular 
Biology Laboratory (EMBL) in Heidelberg, 
Germany, is encouraging fellows to 
choose another mentor beyond the 
principal investigator they work under 
day-to-day. “This gives the fellow some 
outside input when a postdoc and lab head 
don't agree on the project or understand 
each other,” says Detlev Arendt, EMBL's 
postdoc coordinator. Adding another 
adviser need not be burdensome for the 
faculty of the fellow: EMBL recommends 
that the two meet once in the first three 
months of the fellowship, then once or 
twice a year after that. 


Survey says 

The Young European Biotech Network 
(YEBN) this autumn is completing a 
survey of 1,000 members and 500 
industry contacts about the skills 

needed in biotechnology and what 

young scientists can do to prepare for 

a biotech career. “There are gaps in the 
education and what industry expects,” 
says Francesco Lescai, YEBN chairman 
and a medical biotechnologist at the 
University of Bologna, Italy. He hopes 

the survey will help young scientists fill 
those gaps. Lescai also says that European 
biotech regulations vary 
by country. “There are 
certain professions in 
some countries that 
aren't regulated at all, 
and in other countries 
they are very regulated.” 
The survey will help 
clarify what those 
differences are and make scientists more 
aware of them, Lescai says. The YEBN 

is also planning a meeting in early 2009 
to conduct focus groups with members 
of YEBN, the European Federation 

of Biotechnology and the European 
Commission (EC) to determine the hot 
issues. This will result in a white paper to 
the EC about how to better prepare young 
scientists for biotech careers. 


Taxation representation 
The Canadian government, eager to 
import new science talent and keep local 


“There are gaps in 
education and what 


industry expects.” 
— Francesco Lescai 


stars home, has bolstered its scholarship 
schemes in recent years — offering 
as much as Can$50,000 a year for 
some young students. Although Stuart 
Netherton, chair of the postdoctoral 
association at the University of Calgary, 
applauds the generous funding, he 
suggests that this represents a double 
bind for postdocs. First, some Canadian 
fellows earn less than graduate students 
receiving the new scholarships, says 
Netherton. Second, stipends are taxed 
but scholarships are not — meaning 
graduate students could theoretically 
bank about twice the money of their more 
senior scientists-in-training. The Calgary 
postdoc association (PDA) is lobbying the 
government about this gap and hopes to 
get other Canadian PDAs on board. 
Fellows receiving EC funding face 
similar problems in their home countries. 
Different nations treat their tax status 
differently, says Yegor Domanov, 
secretary-general of the Marie Curie 
Fellows Association. Domanov says this is 
the biggest complaint he hears from Marie 
Curie fellows. 


Career scheming 

Only a small percentage of postdocs will 
land academic jobs. At the College of Life 
Sciences at the University of Dundee, 
Scotland, that number is 6-7%, says 
Nicola Stanley-Wall, who runs the postdoc 
office. So when the university set up that 
office about five years ago, to coordinate 
with its PDA, the office decided to focus 
on jobs outside academia, such as work 
with contract research organizations that 
run clinical and preclinical trials. “Our 
postdoc career development scheme 
helps highlight different areas of career 
development that weren't necessarily 
highlighted before,” 
Stanley-Wall says. 

EMBL's postdoc 
association offers 
similar services, 
focusing on general 
career development, 
says Arendt. “There 
are language courses. 
There's a workshop about preparing for 
the job market,” he explains. “Before they 
apply, they give a fake seminar and they 
are the fake committee. We give feedback 
on their written presentation and their oral 
presentation.” 

Yasuo Kanematsu, a biology professor 
at Osaka University, Japan, is pushing for 
a government-backed programme that 
more closely integrates training for both 
academia and industry. “If we separate 
the two paths that's not good,” says 
Kanematsu, who has had difficulty getting 
postdocs to organize. PS. 
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— were suggestions to improve the science and 
technology pipeline. One called for better retention of 
postgraduate scientists. As a result, UK policy-makers 
authorized £6 million (US$10.6 million) over five years 
to help improve postdoc conditions. 

However, most UK universities averaged a few 
thousand pounds apiece, with little direction in how to 
spend the money, Bothwell says. It’s mainly the larger 
institutions — such as the universities of Cambridge, 
Oxford, Manchester and Dundee — that have active, 
well-organized PDAs; smaller ones have fewer active 
associations. Bothwell says his next step is convincing 
participants from 30 or so UK PDAs to meet in 
December. He wants to know their goals and arrive at a 
consensus on how to achieve them. 


Dealing with difference 

Achieving consensus in Europe is complicated by the 
fact that funding schemes from national governments, 
the European Union (EU) and foundations differ. There 
is also a wide discrepancy among more developed 
systems in the north, such as those in France, Germany 
and Switzerland, and the south, such as in Spain and 
Italy. Part of the problem lies with the EU’s inability 

to enforce its own policies, according to Paulo Silva, 

now a postdoc in biochemistry and molecular biology 

at Pennsylvania State University. Silva helped launch 
Eurodoc in 2004, but is frustrated by the its failure to 
create widespread change. He notes one EU provision, 
launched in 2005, about research conduct that attempted 
to put graduate students, postdocs and faculty members 
ona more even playing field with regard to contracts and 
benefits. “Everybody should be treated as professionals, 
no matter what the stage,’ Silva says of the provision. But, 
he says, so far there's been no action. 

Sometimes member nations clash when EU 
initiatives are misinterpreted — and the postdoc can 
be the one who suffers. Silva points to the Bologna 
Process, which aims to make PhD programmes more 
uniform in terms of length and quality across Europe, 
as one example. The EU recommends shortening the 
length of PhD programmes, yet some countries have 
interpreted that as shortening the amount of time they 
will support students and postdocs. 

Many fellows active in European PDAs complain 
about a lack of oversight. EU policies cover only people 
with EU funds; fellows paid for by national schemes are 
subject to different regulations. But Detlev Arendt, head 
of the postdoc office at the European Molecular Biology 
Laboratory (EMBL) in Heidelberg, Germany, says that 


John Bothwell (left) plans a UK-wide postdoc association; 
Yegor Domanov, from the Marie Curie Fellows Association. 
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Paulo Silva, who helped set up Eurodoc, is frustrated by its failure to effect wider change. 


as the commission now funds about 40% of all postdocs 
in Europe, its influence is growing. And Arendt believes 
that even the European Charter for Researchers, which 
Silva criticizes as being toothless, has some merit. 
EMBL endorsed the charter, which sets rules of conduct 
for researchers. By doing so, EMBL improves its chances 
of earning EU funding — and attracting fellows who 
know they will be treated fairly under the commission's 
rules. “They set clear standards for working conditions,’ 
Arendt says. 

But despite such charters, getting local institutions 
in line with EU policies is difficult, according to Yegor 
Domanoy, secretary-general of the Marie Curie Fellows 
Association, and a postdoc at the University of Helsinki. 
Taxation is the biggest complaint, says Domanov 
— especially regarding supplementary income, such 
as mobility allowances and travel expenses, which are 
taxed by some host countries as income, even though 
the EU stipulates they should be considered expense 
reimbursement, not pay. Taxation of postdocs is also an 
emerging problem in Canada (see ‘Showing initiative’). 

Domanov is collecting what he calls “horror stories” 
of postdoc experience, as well as other problems, such 
as visa issues for spouses, finding housing and language 
courses for foreign fellows. He aims to provide these to 
the EU in the hope that it will change its policies — or, 
at least, enforce existing ones better. Domanov echoes 
many fellows who say that creating real change by 
postdocs for postdocs is difficult — especially because 
of the transient nature of their fellowships versus the 
length of time it takes to effect real change. When 
fellows active in PDAs move on, many of the issues they 
have worked to address remain unresolved. Or else they 
get caught up in writing up their research, pursuing 
funding or landing their first permanent position 
— leaving them to pass the torch to the next generation. 

Still, Domanov sees the rise of more European 
postdoc associations and their overall growth in 
membership as a sign that postdocs can make things 
better for themselves. “Little by little, people learn they 
have the power to change things,” Domanov says. 5 
Paul Smaglik is a freelance writer based in 
Milwaukee, Wisconsin. 
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The chess players 


An unusual move. 


Dan Gollub 


Advances in biomedical technology had not 
been in the forefront of Paul’s conscious- 
ness when he entered the spacious living 
room of Stacy Ashland’s home. Hed been 
wondering if he might find a girlfriend at 
her party. The odds, he knew, were against 
it. He was struggling to earn a living as a 
chess player, and the other guests at her 
party were likely to have a higher status in 
society. And anyway, his introverted 
personality and an overall lack of 
experience in relationships tended to 
thwart his chances of romance. But all 
such thoughts vanished from his mind 
when he saw a woman present whod 
been much in the news lately. Rather, 
she and Jarvis McKnight together had 
been featured in newscasts, interviews 
and other media presentations. In the 
centre of the room, surrounded by a 
dozen or so friends and admirers, was 
Lena Adrian, with Jarvis’s head trans- 
planted onto her right shoulder. “Phe- 
nomenal breakthrough,’ a popular 
newscaster had said. 

Stacy was amid the partygoers 
surrounding Lena and Jarvis, and she 
saw Paul and waved at him to come 
over. “Jarvis,” she said in her extravagant 
socialite’s voice, “this is the chess player I 
mentioned to you. He's been teaching chess 
to my son the past three months” 

Jarvis’s head nodded sombrely. “Chess has 
become more important to me recently.” 

He had a deep voice, Paul noted. The 
transplantation hadn't changed that aspect 
of his physiology. 

“Tm sure the two of you will get along 
fine,” Stacy commanded. She joined a 
nearby group of people and, as the host- 
ess, was instantly welcomed into the con- 
versation. 

“Chess has an addictive side to it,” Paul 
said. He saw that Lena was talking with a 
slim, long-legged man with a tattoo of a 
soccer ball on his arm. “Sometimes that’s 
good, I suppose. And sometimes I lie 
awake after chess tournaments thinking 
about the moves I should have played dif- 
ferently”” 

Jarvis chuckled. Then a shadow crossed 
over his face. “Lena’s not likely to sit 
through chess tournaments. But having 
someone such as you visit could be suit- 
able for her” 

Lena heard her name mentioned and 
turned to Paul. “He’s a chess player,’ Jarvis 
said. 


Lena’s green eyes appraised Paul. She 
was about his age, he guessed. He remem- 
bered what the media had reported 
regarding her. Shed been in the foster-care 
system, had got a scholarship to college, 
had been majoring in theatre when the 
famed neuroscientist Jarvis McKnight had 
developed the massive staph infection that 
overwhelmed his bodily systems, and had 
volunteered for the transplant surgery that 
enabled the scientist to survive. 


“There should be more to life than chess,” 
Paul said. “I’ve been trying to become 
a poet.” 

“Tinkle tinkle little star” Lena said. 

He wondered if shed deliberately got the 
words wrong. “But I'll probably need a reli- 
able career,’ he continued. 

A complex expression flitted across her 
face. Was it a mixture of embarrassment 
and defiance? “We do what we must,” she 
said. She turned back to the man shed been 
chatting with. 

Paul and Jarvis looked at each other. 

“Yes,” Jarvis said. “We do indeed do what 
we must.” 

Paul wanted to say to him, I’ve been on 
the fringes too. We have that bond between 
us. But he was silent. 

“My research goals were too important,” 
Jarvis said. “I couldn't let them die with me. 
And now [have a new goal. Can the brain 
be preserved against ageing if the host body 
that supports it is young and healthy? Per- 
haps cannulas bored through the skull into 
the brain can deliver a nourishing mixture 
of nutrients and antioxidants. 

“And in fact why stop there?” Jarvis 
continued. “Those same tubes could deliver 
stimulants, which could improve the 
mind's talents. Perhaps with such injections 
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you could become one of the top chess play- 
ers. Or would you rather become obsessed 
with writing poetry?” 

The choice hadn't occurred to Paul as 
one he might have to make. 

“A few volunteers such as yourself could 
change the world,’ Jarvis said. “Maybe.” 

Before Paul got a chance to reply, a 
woman rushed up. “I’ve so wanted to meet 
you,’ she said in a gushing voice as she held 
out her hand to Jarvis. Then, realizing shed 
committed a social blunder, she put 
her hand down and blushed. 

“Td shake your hand if I could,” 
Jarvis said in a kindly tone. 

“Ive admired your courage, your 
commitment, your dedication to your 
ideals,” she said. 

“T think of it as desperation, instead? 
Jarvis said. “But thank you.” 

The woman retreated. 

“We humans have our backs against 
the wall,” Jarvis said quietly. “Perhaps 
some people don't realize that yet?” 

Paul didn’t know what to say. Then 
he decided to make a jesting comment. 
“Tl cry if you say things like that” 

Jarvis said simply, “I’ve cried, too.” 
Then he suddenly affixed his eyes on 
Paul’s. “Would you like to have tubes 
drilled into your brain? Would you like 
new biochemical substrates that could 
give you a greatly expanded repertoire of 
abilities?” 

At that point Lena turned her head 
toward Jarvis. Paul saw her companion 
had vanished. “I think you might be see- 
ing more of Roberto,” she said to Jarvis. 
Then she spoke to Paul. “Jarvis and I have 
an understanding. He doesn’t expect me 
to be celibate. We discussed this before the 
operation” 

“Tl bite it off if I get the chance,” Jarvis 
said. 

She laughed nervously. “Jarvis has an 
exquisite sense of humour. The two of us 
might go far together. I’ve been wondering 
if, in time, we might run for president. He 
with his intellect and I with my theatrical 
skills ... What great leadership we could 
provide” 

All in all, Paul decided later, it had been 
an interesting evening. 

Then he realized he hadn't answered 
Jarvis’s question. a 
Dan Gollub is a psychologist. He had a 
story published in Writers Of The Future, 
Volume X. He has an original approach to 
dream interpretation which can be found 
at thenakedscientists.com. 


JACEY 


